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It has been known for many years that substances, which cause or 
accelerate the coagulation of the blood, occur not only in the blood serum 
(thrombin and its precursor substances) but can also be extracted from 
various tissues, such as kidney, liver, muscle and from the cells circulating 
in the blood, in particular from the erythrocytes (la). These substances 
which are contained in the tissues have received different names, such as 
thrombo-plastic substances (A. Schmidt, Howell), tissue fibrinogen (Wool- 
dridge, Mills), eytozym (Fuld and Spiro, Bordet) and thrombokinase 
(Morawitz, 9). These terms in part at least represent different theories 
concerning the mechanism by means of which these substances convert the 
fibrinogen of the blood plasma into fibrin; thus the term “‘tissue fibrinogen” 
indicates that fibrin consists of a combination of blood fibrinogen and tis- 
sue fibrinogen, while the term “thrombokinase”’ signifies that this sub- 
stance acts as an activator which converts the thrombogen into prothrom- 
bin. We used in our earlier investigations the term tissuecoagulin for 
this substance, which did not imply a theory as to the mechanism under- 
lying its action. In 1903 and 1904 Loeb (1, la) and Hewlett (2) and soon 
afterwards Muraschew (3) and Nolf (4) showed that a specific relation 


exists between the tissuecoagulins and the kind of plasma on which they 


act. The tissuecoagulin derived from a certain class of animals caused 
coagulation relatively more efficiently when it acted on the blood of an 
animal belonging to the same class than on that of another class. This 


1 These investigations were carried out with the aid of a grant for research in 
science made to Washington University by the Rockefeller Foundation. 
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specific relation between tissue coagulin and blood plasma we designated 
as a specific adaptation between these two substances and the substances 
as such were specifically adapted to each other. Subsequently Loeb and 
Fleisher (5) showed that a further going specific adaptation can be demon- 
strated in the interaction between the coagulins extractable from mam- 
malian erythrocytes and mammalian blood plasmas. In this case a 
specific adaptation can be demonstrated not only in different classes of 
animals, but also in different species and orders. Thus it is possible by 
means of this specific adaptation to distinguish the erythrocytes of rabbit, 
cat and dog. Experiments, in which these specifically adapted coagulins, 
blood serum and plasma were quantitatively varied, indicated that in 
addition to the activating effect, which in accordance with the findings 
of Morawitz these substances exerted on certain constituents of the blood 
plasma, they caused or accelerated the coagulation of the blood also by 
a direct action on the fibrinogen of the blood plasma. This conclusion 
received confirmation by studies of the coagulation of invertebrate blood, 
in which it could be shown that the tissuecoagulins convert the fibrinogen 
directly into fibrin (la). These substances were diminished in activity 


by heating to 56° or 60°; they were therefore not entirely heat stable. 


Such a specific adaptation between tissuecoagulin and plasma suggested 
that proteins are involved in the action of the tissuecoagulins. However 
subsequently Bordet and Delange (6), Howell (7) and Zak (8) showed that 
certain lipoid substances, which Howell identified with kephalins, are the 
agents present in various tissues which accelerate coagulation. More 
recently Kraus and Fuchs (14), as well as Fischer (15), concluded that 
tissue extracts contain two active agents, namely, 1, a lipoid substance, 
cytozym, and 2, a substance identical with the active substance present 
in the blood, namely, prothrombin. The latter is assumed to be respon- 
sible for the heat lability of the tissue extracts. These heat labile sub- 
stances, when changed into thrombin, do not act as a kinase, but convert 
the fibrinogen directly into fibrin. As stated above, addition of tissue 
extract to blood serum may cause a considerable increase in the activity of 
the latter; this effect has been attributed to the action of the lipoid cyto- 
zym on a precursor substance of thrombin. In the presence of Ca this 
activated precursor substance becomes converted into thromin. 

However it was found, on the other hand, that addition of blood serum 
to tissue extract under certain conditions may lead to a weakening of the 
coagulating effect of the tissuecoagulins and that this weakening effect 
increases With increasing incubation of this mixture (Loeb, 10). In many 
cases the tissuecoagulin thus is made entirely inactive and such a mixture 
may be wholly deprived of its coagulating effect. There were moreover 
indications that a specific adaptation, similar to that between tissue- 
coagulin and blood plasma, exists also in the case of the inhibiting effect 
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which develops when tissue extract, serum and plasma, interact 


each other (10). The species or class relationship between the animals, 


from which serum, tissue extract and blood plasma were derived, seemed 
to influence in a specific manner the intensity of this inhibiting or neutral- 
izing effect. In addition to this indication of a specific adaptation, there 
was found a difference in the absolute quantity of inhibiting substance 
present in various sera, the latter being especially great in dog serum 
There were furthermore indications that mammalian erythrocytes, which 
exhibited a marked specific adaptation between their tissue coagulins and 
the blood plasma on which they acted, were very poor in the inhibiting 
substance which presumably combines with a constituent of the blood 
serum (11). 

There exist, therefore, as far as their effect on the coagulation of blood 
is concerned, two different kinds of interaction between blood serum and 
tissue extracts, one leading to an acceleration of the coagulation of blood 
plasma, the other one leading to an inhibition of this process, both these 
processes depending upon the length of time during which serum and 
tissue extract interacted previous to the addition of their mixture to the 
plasma; but in these two cases the time curve was different. In general, 
the accelerating effect predominates if the mixture acts on plasma which 
is prevented from spontaneous coagulation by inactivation of calcium 
through NaFl or other substances having similar effects to NaF]; in this 
case it is mainly the serum fraction (thrombin) of the mixture which in- 
duces coagulation. On the other hand, the inhibiting effect predom- 
inates, when the mixture is allowed to act on hirudin or peptone plasma; 
in this case it is the tissuecoagulin which is the active ingredient of the 
mixture, which causes coagulation. Phosphorus poisoning in dogs de- 
stroyed the inhibiting component of the blood serum; also heat injured the 
inhibiting substance (Loeb, Fleisher and Tuttle, 11). 

The specific relations between sera and tissue extracts, as far as the in- 
hibiting effect of these combinations is concerned, was investigated further 
by Burns, Scharles and Aitken (12). They found that especially with 
homologous combinations, when sera and kidney extracts were derived 
from the same species, the inhibiting effects predominated on incubation 
of these mixtures, whereas the inhibition on standing was much less 
marked, when heterologous combinations were used, in which sera and 
organ extracts belonged to different species and classes of animals. An 
exception to this rule occurred when ox and sheep serum were combined 
with extracts of these two species. In this case evidently the production 
of substances accelerating the coagulation of blood was so marked in 
homologous combinations, that it overbalanced the inhibiting or neutral- 
izing effects; thus the inhibiting effects were slight throughout, but they 
were somewhat greater in combination with heterologous than with 
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homologous kidney extracts. The opposite condition prevailed in certain 
respects with dog serum; this contains a very large quantity of inhibiting 
substance and in the combinations of dog serum the inhibiting or neutral- 
izing effects were especially pronounced in homologous combinations with 
extracts. 

The interpretation of the results of these experiments is evidently com- 
plicated by the fact that, if we combine blood sera and organ extracts 
from various species or classes of animals, substances intensifying as well 
as preventing the coagulating effect of sera and extracts develop in the 
combinations and that in certain combinations the one effect predomi- 
nates, while in others the other predominates. It seemed to us of great 


interest to establish still more definitely these specific relationships (spe- 


cific adaptations) between sera and organ extracts for two reasons. In 
the first place the existence of such a specific adaptation between two sub- 
stances very strongly points to the conclusion that proteins are involved 
in these reactions. We assumed therefore at first that tissuecoagulins 
are proteins and when it was later found that lipoid substances were able 
to activate the precursor substances of thrombin present in blood serum 
and that such activating substances were present in tissue extracts, we 
believed it probable that these agents accelerating the coagulation of the 
blood represent combinations of proteins and lipoids. A similar view was 
expressed by Mills (12). A corresponding conclusion might apply also 
to the substances responsible for the development of the inhibiting or 
neutralizing processes which can be observed in the coagulation of the 
blood if blood serum acts on tissue extract. The establishment of these 
specific relationships or adaptations between sera and extracts should 
therefore aid in the analysis of the nature of the substances which interfere 
with and control the coagulation of the bivod. 

But there is a second reason which induced us to study further these 
relationships between sera and organ extracts derived from different 
species or classes. The fact that a specific adaptation exists between 
such substances seems to us a fact of general biological significance. It 
indicates the presence of conditions normally which can be produced 
experimentally by immunization. 

For these reasons we decided to analyze still further the factors on which 
the mode of interaction between sera and organ extracts from different 
species or classes of animals depends,—an interaction which may lead 
either to an acceleration or to an inhibition of the coagulation of the blood. 
In order to obtain conditions as uncomplicated as possible, we restricted 
ourselves in these new experiments to the study of various combinations 
between avian serum and avian extract, on the one hand, and of dog serum 
and dog extract on the other hand. We tested the interaction of these 
substances in homologous as well as in heterologous combinations. In 


EFFECT OF FOREIGN TISSUE EXTRACTS ON COAGULATION 


carrying out these experiments, we considered the time during which serum 
and extract were incubated; we also varied the concentration of the tissue 
extracts and furthermore we tested the effect of heating the various ex- 


tracts at 56° or 60° for 30 minutes preceding the preparation of the mix- 


tures. Lastly we investigated also the effects of hemolysed avian and 
dog blood corpuscles alone, as well as in combination with sera, on the 
coagulation of the blood. These latter experiments are however of only 
restricted value because, in accordance with our previous observations, 
we noted that goose erythrocytes exert a relatively very slight coagulating 
effect on blood plasma. 

Mertuop. The procedures used in these experiments were very similar 
to those used by Burns, Scharles and Aitken. The amount of serum in 
every case was 0.7 ec., of extract 0.3 cc. and of plasma lee. The period- 
of incubation of the mixtures of blood sera and extracts were, as : :' 
2, 10, 20, 40 and 80 minutes. At the end of each period, the blood plasma 
was added and the time required for coagulation noted. In control ex- 
periments, 0.7 cc. of a 0.85 per cent NaCl solution was substituted for 
blood serum. Both dog plasma and goose plasma were used; the former 
was prepared by adding heparin in the proportion of 1 mgm. per 6 cc. of 
blood, while goose plasma was obtained by centrifugation of goose blood 
which had been collected in paraffined tubes without addition of heparin 

Two kinds of kidney extracts were employed, a concentrated and a di- 
luted one. In preparing the former, the kidney was first washed with 
0.85 per cent NaCl solution, cut into small pieces and mashed in a mortar; 
0.85 per cent NaCl solution was then added in the proportion of | gram 
of mashed kidney to 1 ce. of NaCl solution. This mixture was kept in 
the icebox over night and on the following morning Was filtered through a 
Buchner funnel with filter paper. As a rule 1 ce. of dog kidney extract 
thus prepared caused coagulation of dog plasma in about 30 to 40 seconds 
In order to obtain the diluted kidney extract, the concentrated extract 
was diluted with 0.85 per cent NaC] solution so much that coagulation 
occurred in four to five minutes. Dog serum was prepared from blood 
obtained from the jugular vein (by means of a cannula); this was placed 
in the refrigerator over night, when the serum had separated from the 
clot. Similarly goose blood was collected in large centrifuge tubes from 
the jugular vein, a small piece of blood clot or of a vein having previously 
been placed at the bottom of the tube. After standing over night in the 
refrigerator, the blood was centrifuged and the serum pipetted off. The 
stroma of dog erythrocytes was obtained from defibrinated dog blood; 
after separation from the serum by centrifuging, the red blood corpuscles 
were washed four or five times with 0.85 per cent NaCl solution. The 
corpuscles from 100 ec. of blood were then suspended in 50 cc. of 0.85 per 
cent NaCl solution and twice the amount of distilled water was added. 
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After standing, the stromata were separated from the hemoglobin by 
centrifuging. The goose blood corpuscles were centrifuged directly and 
the plasma pipetted off; they were then treated in the same way as the 
dog corpuscles. 

We shall give only a résumé of our various experiments. Each combina- 
tion of serum, plasma and heated and unheated, concentrated and diluted 
kidney extract was tested in a number of experiments, which varied in 
different cases; however the results of the individual experiments were 
sufficiently in agreement with each other to justify the construction of 
average curves of the clotting of the plasma, under the influence of the 
different combinations of serum and kidney extract or of serum and a 
suspension of stroma of erythrocytes. We shall reproduce the average 
curves obtained with the various combinations. 

In a first series of experiments, we tested the effect of dog serum and 
goose serum, and of dog and avian kidney extract, as well as of the sus- 
pensions of erythrocytes, uncombined, on dog and goose plasma. We 
had thus an opportunity to test again the degree of specific adaptation of 
these substances to the coagulable substance in mammalian and avian 
blood plasma. This series was then followed by experiments in which the 
various combinations of serum and extract or suspension of erythrocytes 
stromata were tested. 

1. Effect of dog serum and goose serum on the coagulation of dog plasma 


and goose plasma. a. Dog serum with goose plasma: Coagulation usually 
took place in less than 10 minutes; 0.5, 1 and 2 ce. serum were about 
equally effective. 6. Goose serum with goose plasma: Coagulation was 


very much less rapid than with dog serum. In one half of the experi- 
ments, coagulation took place after about 12 hours; in the other half, 
15 minutes to 2} hours were required. In a few experiments, no coagu- 
lation took place. The larger quantities of serum were, on the whole, 
more effective than the smaller ones. c. Goose serum with dog plasma: 
Dog plasma coagulated much more slowly than goose plasma. In the 
majority of cases it occurred after 12 hours; in some experiments no co- 
agulation took place. The larger quantities of serum were more active 
than the smaller ones. d. Dog serum with dog plasma: with 3 ce. serum, 
coagulation did not take place or it occurred only after many hours’ stand- 
ing; with 2 ce. serum, coagulation occurred in one-half the cases within 
a few minutes or a few hours, but in one half of the cases even here 12 
hours were required. With intermediate quantities of serum the coagu- 
lation times were intermediate. 

From these experiments we may conclude that 1, dog serum causes 
more rapid coagulation of both goose plasma and dog plasma than does 
goose serum; 2, goose plasma undergoes coagulation more rapidly than 


dog plasma with goose serum as well as with dog serum; and 3, no specific 
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adaptation is therefore noticeable between ser: 
classes of animals. 

2. Effect of homologous and het roloqous kidney ertracts on dog 
and goose plasma. Homologous combinations in which extract and 4 
were obtained from the same species or class of animals were mui 
effective than heterologous combinations, in which extract 
were derived from different species or classes; this difference Was especially 
marked when smaller quantities (0.1 and 0.2 cc.) of extract were 
In one experiment 0.1 ce. dog kidney extract caused coagulation of do 
plasma in 10 minutes while 0.2 cc. was effective in 1 to 2 minutes. Wi 
goose plasma which as stated above clotted with serum more rapidly t] 
did dog plasma, no coagulation took place with 0.1 cc. dog kidney extract 
with 0.25 ec. dog kidney extract, clotting occurred only after many hours 
over night. Conversely chicken kidney extract caused the coagulation of 


dog plasma much more slowly than that of goose plasma. 
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Effect of SUSpE NSIONS of stroma of blood cor puscle s. These were less 
effective than kidney extracts; but in this case also specific adaptation 
was evident. Stroma of goose blood corpuscles caused the coagulation 
of goose plasma more rapidly than of dog plasma. Stroma of dog blood 
corpuscles induced more active clotting of dog plasma than of goose 
plasma. As much as 3 ce. and 1 ec. of these suspensions were used, be- 
cause very small quantities were not effective. We may thus conclude 
that a specific adaptation exists between tissue extracts or suspensions of 
erythrocytes and plasmas obtained from the same species or class of ani- 
mals. These observations were extended in the experiments which follow 
and the results obtained agree with the conclusions here outlined and with 
those of previous years. 

We next tested the influence which incubation with serum exerts on 
the ability of the various extracts to induce coagulation of dog or goose 
plasma. In each case after completion of the incubation time, the plasma 
was added to the mixture of serum and extract. 

4. Action of dog kidney extract, with or without dog or goose serum, on 
the coagulation of dog plasma. a. Action of concentrated dog kidney extract 
(Chart 1.)?. In a mixture of 0.3 ce. concentrated dog kidney extract with 
either 0.7 ce. 0.85 per cent NaCl, dog serum or goose serum a coagulation 


2 In constructing the curves representing the clotting times of the plasma under 
the influence of the extracts alone and of the extracts in combination with sera as 
functions of the incubation time of the mixtures of sera and extracts, we considered 
only the first 90 minutes after addition of tissue extracts and sera to plasma, although 
we had extended our observation toa period of about 20 hours. As far as these curves 
are concerned, plasmas which had not yet clotted after 90 minutes were considered 
as non-coagulable. The lines signifying the different degrees of heat to which the 
extracts were exposed, previous to their addition to sera, are the same as those used 
in the other charts. 
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of 1 ec. dog plasma occurred in a few minutes; this held good even after 
a long period of incubation of the mixture of dog kidney extract and serum 
previous to the addition of dog plasma. Heating of dog kidney extract 
at 56° for 30 minutes did not noticeably weaken the extract, when 0.3 ee. 
of the latter was combined with 0.7 ce. NaCl solution; but heating it at 
60° for 30 minutes caused a slight weakening. If dog kidney extract 
heated at 56° was first incubated for 80 minutes with dog serum the coag- 
ulation of the plasma was retarded for a few minutes, whereas with goose 
serum no inhibition was noticeable. After incubation of dog kidney exX- 
tract heated at 60° with dog serum, inhibition of coagulation occurred, 
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which was greater the longer the period of incubation. If the same kind 
of extract was incubated with goose serum instead of with dog serum the 
inhibition of the coagulation of the plasma was much less marked or 
absent. 

b. Action of diluted dog kidney extract. (Chart 2.) In combination 
with 0.85 per cent NaCl solution, the coagulation was much slower than 
with concentrated extract. Dog serum in combination with dog kidney 
extract caused an inhibition which increased with increasing incubation, 
while in combination with goose serum there was no or almost no inhibi- 


“HART 2 ' HART 3 
' | EXTRACT WITH OR WIT? 
T G KIONEY | 
| EXTRACT WITH AND SU} 
en} | WITHOUT | 
LUS DOG PLASMA | 
| | | 
' 
40 en | € 
uw | | | 
| | | | y 
| | | 
} 
i | 
| | 
| 
2 | ~ | 
| / 
| NeCi 10 OF 
| / | / 
N 
° 20 4c 6 <0 4 6 a 80 
NCUBATION TIME 


EFFECT OF FOREIGN TISSUE EXTRACTS ON COAGULATION 


tion of coagulation. Diluted dog kidney extract, heated at 56° 
minutes, alone, acted like unheated diluted dog kidney extract, but ine 
bation of this heated extract with dog serum caused a marked inhibition 
of the coagulating effect of the extract, which increased with increasing 
length of incubation. After incubation of the heated extract with goose 
serum the inhibition was much less. Diluted dog kidney extract heated 
at 60° for 30 minutes was injured to such a degree that it caused coagu 
lation neither in combination with dog serum nor with goose serum 
From these experiments we may conclude that dog serum acting on 
dog plasma inhibits in a specific manner the coagulating action of dog kid- 
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ney extract, as compared with goose serum which has a very much less 
inhibiting effect. However in order to make this inhibiting action, which 
increases with increasing incubation, manifest, it is necessary to weaken 
concentrated dog kidney extract either by diluting it or by heating it, 
previous to its mixture with serum and the subsequent addition of the 
incubated mixture to plasma. If the extract used is too concentrated, 
the inhibiting action of serum does not become sufficiently evident; on 
the other hand, if the weakening of the extract through dilution or heating 
has been too great coagulation does not take place at all. Heating at 
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56° weakens the extract very slightly or not at all; but heating at 60° 
causes a more definite weakening of the extract. This effect of heating or 
dilution on the extract may become evident only if the extract is com- 
bined with the inhibiting serum. 

5. Action of dog kidney extract, with or without dog or goose serum, on the 
coagulation of goose plasma. a. Action of concentrated dog kidney extract. 
(Chart 3.) Three-tenths cubic centimeter dog kidney extract with 0.7 


ce. of 0.85 per cent NaCl solution caused coagulation of goose plasma, but 


less actively than of dog plasma. After heating dog kidney extract at 
56° or at 60° it no longer caused clotting of goose plasma. If the unheated 
dog kidney extract was combined with dog serum, the effect was similar 
to that in the control experiment, in which the extract was combined with 
0.85 per cent NaCl solution; but when goose serum was substituted for 
dog serum, there was a marked inhibition of coagulation, the coagulation 
time increasing sharply with increasing time of incubation of serum and 
extract. As stated, with dog kidney extract heated at 56° alone, clotting 
did not take place; addition of goose seruin did not make the heated dog 
kidney extract active, but a mixture of dog serum and heated dog kidney 
extract caused clotting fairly rapidly, namely, between about 3 and 17 
minutes, the rapidity of coagulation decreasing with increasing length of 
incubation of dog serum and dog kidney extract. 

With dog kidney extract heated at 60° the results were similar in every 
respect to those obtained with the 56° extract, except that a combination 
of dog kidney extract heated at 60° with dog serum was somewhat less 
active and that the effectiveness decreased still more with increasing incu- 
bation than was the case with dog kidney extract heated at 56°. 

b. Action of diluted dog kidney extract. (Chart 4.) Three-tenths cubic 
centimeter diluted dog kidney extract plus 0.7 ec. 0.85 per cent NaCl 
solution caused a moderately active coagulation of goose plasma, on the 
average in about 15 minutes; but it was less effective than diluted chicken 
kidney extract. If diluted dog kidney extract was combined with dog 
serum the coagulation of goose plasma was accelerated, while in combi- 
nation with goose serum again a marked inhibition occurred as compared 
with the control in which 0.85 per cent NaCl took the place of serum. 
This inhibition increased rapidly with increasing length of incubation of 
diluted dog kidney extract with goose serum. With dog kidney extract, 
heated at 56°, plus NaCl, no clotting of goose plasma took place; similarly 
after addition of goose serum to the diluted kidney extract no coagulation 
of goose plasma occurred, but such dog kidney extract in combination 
with dog serum caused rapid coagulation. 

We see then that in principle the same effects on the coagulation of goose 
plasma were noted with the various combinations of dog kidney extract 
and sera irrespective of whether extracts were concentrated or diluted. 
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With goose plasma, dog kidney extract loses its coagulating power by 


heating it at 56° for 30 minutes. Dog serum increases the coagulating 
effect of dog kidney extract with goose plasma, whereas goose serum di- 
minishes it. However in order to bring out these effects clearly dog 
kidney extract must be neither too strong nor too weak. If it is too con- 
centrated, the accelerating effect of dog serum may be covered up; if, on 
the other hand, it is too weak, the inhibiting effect of goose serum may be 
covered up, because in this case the extract as such is unable to cause 
coagulation. Dilution and heating of dog kidney extract act in principle 
in the same manner, both causing a weakening of the extract; but, in 
contrast to what we found with dog plasma, heating at 56° destroys the 
ability of dog kidney extract to cause clotting of goose plasma because 
dog kidney extract is less efficient with goose plasma than with dog plasma 
to which latter it is specifically adapted. 

The specific adaptation in regard to the inhibiting action in this case 
does not relate to the extract, but to the plasma used; as in all the other 
cases it is the homologous combination (goose serum with goose plasma), 
which inhibits, while with the heterologous combination of dog serum with 
goose plasma an accelerating effect preponderates. Although heated ex- 
tracts of dog kidney, if acting on goose plasma are inactive, they become 
effective in association with dog serum. 

6. Action of chicken kidney extracts, with and without sera, on the coagula- 
tion of goose plasma. Heating of concentrated and diluted chicken kidney 
extract at 56° for 30 minutes does not noticeably weaken its clotting ac- 
tion on goose plasma (chart 5); but heating at 60° does somewhat weaken 
it. Combination of extract with dog serum causes no inhibition; it may 
even, if favorable conditions are given, produce some acceleration, while 
after incubation with goose serum the inhibition is more marked. The 
specific inhibition may in this case depend either on the relation between 
serum and extract or on that between serum and plasma or on both. In 
heterologous combinations between serum and extract, an acceleration 
of the coagulation of goose plasma may occur; such an effect occurred when 
chicken kidney extract was incubated with dog serum. 

7. Action of chicken kidney extract, with or without sera, on the coagulation 
of dog plasma. Heating concentrated chicken kidney extract at 56° and 
60° does not seem to cause a marked weakening of the extract, if extract 
alone acts on dog plasma (chart 6); still some change has taken place i. 
the extract as the result of the heating. This becomes manifest, when we 
combine extract with serum. After even a relatively short incubation 
with goose serum, there is a very marked inhibition, while after incubation 
with dog serum there is indication of an acceleration of the coagulation 
of dog plasma. In this case the inhibition cannot be due to a specific 
adaptation between blood serum and plasma, but it must be due to a spe- 
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cific adaptation which exists between serum and chicken kidney extract. 


The homologous combination causes inhibition, while the heterologous 
combination tends to cause acceleration. The corresponding experiments 
with diluted chicken kidney extract could not be carried out, because the 
latter was too weak to cause coagulation of dog plasma. 

8. Action of the stroma of dog and goose blood corpuscles on dog plasma 
and on goose plasma. While the action of the stroma of dog blood cor- 
puscles and goose blood corpuscles on dog plasma and goose plasma is 
very specific, each kind of corpuscles being specifically adapted to its own 
plasma, no definite specificity is recognizable, when dog serum or goose 
serum is added, and an increase in inhibition under the influence of serum 
is lacking in the majority of cases. The inhibiting factor, which combines 
with serum, is evidently not present to the same extent in blood corpuscles 
as in kidney extract. Heating of blood corpuscles at 56° and 60° did not 
as a rule weaken the coagulating power of the blood corpuscle-stroma to 
the same extent as it did that of kidney extract, although heating of dog 
blood corpuscles at 60° diminished somewhat the coagulating effect of the 
stroma of such erythrocytes on dog plasma. 

Discussion. Our results can be summarized as follows: Dog kidney 
extract and chicken kidney extract act in a specifically adapted manner on 
dog plasma and goose plasma. In the case of dog serum and goose serum 
such a specific adaptation to these plasmas is not demonstrable. As 
might be expected, dilution and heating of the extract act in a similar 
manner, both diminishing the quantity of the coagulating substance pres- 
ent in a unit volume of fluid and thus giving the various kinds of serum a 
chance to exert more efficiently their specifie inhibiting effect on the coag- 
ulating action which extract alone would have exerted on blood plasma. 
Also the accelerating effects which combinations of serum and extract 
exert under certain conditions may come out more clearly with diluted 
than with concentrated extract in some cases. It can thus be shown that 
dog serum tends to accelerate the coagulation of goose plasma, which takes 
place under the influence of dilute dog kidney extract and chicken kidney 
extract, and that goose serum inhibits the coagulation of goose plasma 
otherwise exerted by these extracts. On the other hand, it can also be 
shown that dog serum inhibits dilute dog kidney extract when it acts on 
dog plasma, whereas goose serum does not exert an inhibiting effect under 
these circumstances. Dog serum accelerates the coagulating effeet of 
concentrated chicken kidney extract on dog plasma, whereas goose serum 
inhibits it. Likewise, dog serum does not inhibit the effect of concentrated 
dog kidney extract on goose plasma, while goose serum inhibits it. On 
the other hand dog serum but not goose serum inhibits the action of dilute 
dog kidney extract on dog plasma. Conversely, dog serum does not in- 
hibit but it may even accelerate the effeet of chicken kidney extract on 
goose plasma, whereas goose serum does inhibit this effect. 
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In general, the results obtained with these different combin: 
consistent. The effects as a rule come out most clearly in a mid 
of dilution, where the concentration of the extract is not so strony 
addition of serum becomes ineffective and not so weak that it has becom 
unable to cause coagulation; in the latter case an inhibiting effect of serur 
would no longer be demonstrable. 

Gur findings here are essentially in agreement with our former obse 
tions and also with the observations of Burns, Scharles and Aitken, 1 
indicated. that a specific relation exists between the nature of the extract 


and of the blood serum. Dog serum inhibits the effect of dog kidney 


extract on dog plasma, while it accelerates the effect of chicken kidney 
extract on dog plasma. Goose serum inhibits strongly the effect of 
chicken kidney extract on dog plasma, but it does not inhibit the effect 
of dog kidney extract on dog plasma. In general, after incubation with 
the extract, the action of the serum tends to inhibit the homologous ex- 
tract and to accelerate or not to inhibit the action of the heterologous 
extract. In some cases there is noticeable a similar relation of the serum 
to the plasma. Dog serum tends to accelerate coagulation of goose 
plasma, irrespective of whether it is combined with dog kidney extract or 
chicken kidney extract. There exists then, in addition to the specific 
relation of serum to extract, also a specific relation of serum to plasma; 
if plasma and serum in combination with extract are heterologous the ac- 
celerating effect tends to predominate, while in the case of a homologous 
relation the inhibiting action tends to prevail. Thirdly, there exists the 
specific adaptation of the extract alone to the plasma; here the homol- 
ogous combination produces coagulation most efficiently. All these fac- 
tors interact in determining the results which are obtained with the differ- 
ent combinations of serum extract and plasma. 

We may then conclude that 1, if sera, kidney extract and plasma are 
homologous or expressed differently if these substances are homoiogenous 
(derived from the same species) or if they belong to the same class of 
animals then serum inhibits the coagulation of the extracts on dog or gooss 
plasma. 2. If these relations are heterologous, that means, if serum is 
obtained from one species or class of animals and extract and plasma are 
derived from a different species or class, the inhibition which serum other- 
wise would have exerted on the coagulating effect of extract is either di- 
minished or changed into an accelerating action. 3. In those cases in 
which extract and plasma are obtained from different species or classes 
and one of these two substances is therefore homologous with the serum, 
while the other one is derived from a different species or class, then either 
the homologous relation between serum and extract or between serum and 
plasma, may determine an inhibition, or the heterologous relation between 
serum and either plasma or extract may determine an accelerating effect 
of the coagulating action of the extract on the plasma. In our experiments 
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it happened that the relationship of goose plasma to serum dominated over 
that of dog plasma to serum and likewise the relation of chicken kidney 
extract to serum dominated over that of dog kidney extract to serum. 
The relation between the dominating substance and the serum present in 
the mixture determined then whether an inhibition or an acceleration of 
the coagulation should take place. 

These results taken together with our previous ones and with those of 
Burns, Scharles and Aitken make very probable the existence of a specific 
adaptation between the inhibiting substances in serum, on the one hand, 
and certain substances in extract and plasma, on the other hand. 

The effect of heat on the extract. Heating dog kidney extract at 56° weak- 
ens its coagulating action on dog plasma, when acting alone, only very 
slightly or not at all; but the weakening effect may become evident when, 
after incubation of such extract with dog serum, the latter exerts its in- 
hibiting action on the extract. Heating at 60° causes a more definite 
weakening of the effect of the uncombined extract; here also dog serum 
exerts a strongly inhibiting action, but in this case dog kidney extract 
alone is definitely weakened in its coagulating action on dog plasma. 
These effects of heating apply to diluted extract; with concentrated dog 
kidney extract, the weakening effect of heating at 60° is much less evi- 
dent, but it can be demonstrated by incubation of the heated extract 
with dog serum. If dog kidney extract is tested with goose plasma, in- 
stead of with dog plasma, heating at 56° destroys its activity, although 
unheated dog kidney extract may cause rapid coagulation of goose plasma. 

In the case of chicken kidney extract, heating at 56° does not apparently 
weaken the coagulating effect of the extract; heating at 60° weakens the 
concentrated extract only very slightly, it weakens somewhat more the 
dilute extract; but the inhibiting effect which goose serum exerts on ex- 
tract, after incubation with it, proves that, after all, heating at 56° and 
still more so heating at 60° does cause a definite weakening of the extract. 
The inhibiting effect of goose serum is a graded one; it is more in evidence 
with extract heated at 60° than at 56°. Conditions here are similar to 
those stated above where incubation with dog serum brings out more 


clearly the weakening effect which heat exerts on the coagulating action 
of dog kidney extract. But we see that the depressing effect of heat is 
greater in the case of dog kidney extract than of chicken kidney extract. 
Furthermore the effect of heating depends also on the kind of the plasma 
on which the extract acts and on the kind of serum with which the extract 
is combined. Therefore, in the case of chicken kidney extract, the greater 
resistance to heating may be merely apparent. 

In former investigations we had observed that heating of extract may 
cause a diminution in the inhibiting effect which, on incubation, serum 
exerts on extract. This effect came out especially if extract and serum 
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acted on fluorid plasma. With heparin plasma under the present con- 


ditions of experimentation, we have not observed a diminution in the 
inhibiting effect, which develops if the heated extract is incubated with 
serum. 


We may conclude that not only the acceleration of coagulat 
plasma, which takes place under the influence of tissue extract, but als: 
the inhibiting effects, which occur if tissue extract is incubated with 
serum, depend on the species or class from which sera, tissue extracts and 
plasma are derived. Inhibition, as a rule, predominates over an accel- 
erating effect of the mixture if serum and tissue extract or plasma are de- 
rived from the same species or class of animals. Inasmuch as there is 
no fact known which indicates that heparin would be able to manifest a 
specific adaptation to tissue extract of a certain class of animals, it becomes 
probable that the inhibiting substance which is present in the blood serum 
acts in combination with a protein on the coagulation of the plasma 

It is assumed by several investigators (F. Kraus and H. Fuchs, 14; 
A. Fischer, 15),— as it was formerly by Nolf—that the constituent of tissue 
extract which causes coagulation of the blood plasma is a combination 
of prothrombin,—identical with the prothrombin of blood serum, — and 
of certain lipoid substances acting as cytozym. Morawitz was of the 
opinion that the active constituent of the tissue acts as a kinase which 
changes the prothrombin or thrombogen into thrombin. We had sug- 
gested that tissuecoagulin, the active substance of tissue extract, acts 
directly on fibrinogen, inducing its coagulation and that in addition 
prothrombin of serum, as well as an inhibiting substance, which is present 
in the serum, may interact with substances in tissue extract in a Way 
which differs specifically in the case of different species or classes of ani- 
mals and depends upon the relation of these species or classes to each other 
A direct interaction between tissuecoagulin and fibrinogen or plasma could 
be demonstrated in the case of invertebrate blood, and as we mentioned 
above, the great similarity which exists between the coagulation of in- 
vertebrate and of vertebrate blood, as far as the principles underlying 
both are concerned, as well as the results of certain experiments, which 
pointed to a direct interaction between tissue extract and plasma, when 
mixtures of serum and tissue extract were allowed to act on blood plasma, 
led to the conclusion that also in the coagulation of vertebrate blood tissue 
ecoagulin has the ability to act directly on fibrinogen (la). 

If we assume that the constituent of tissue extract, inducing or accel- 
erating the coagulation of blood plasma, consists of a combination of a 
heat resistant lipoid and of prothrombin identical with that in serum, 
which latter is inactivated by heating at 56° for half an hour, then we 
would have to assume that a factor which is active in tissue extract renders 
the prothrombin present in the latter substance more heat resistant than 
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the corresponding substance in serum; or we would have to assume that 
the activity which remains in the tissue extract after heating it at 60° 
is due not to the tissue coagulin but to the lipoid substance acting as cyto- 
zym and we would moreover have to conclude that in tissue extract of 
chicken cytozym predominates more strongly than in mammalian tissue 
extract. 

As far as suspensions of erythrocyte-stromata are concerned, it would 
be necessary to hold that lipoids (eytozym) are here the essential constit- 
uent which causes or accelerates coagulation, because the active principle 
present in them is more heat resistant than are the active substances pres- 
ent in tissue extracts. However, the specific adaptation which is demon- 
strable in the interaction between erythrocytes and plasma makes such 
an interpretation improbable. 

Furthermore, before assuming that the agents causing or accelerating 
blood coagulation, which are present in serum and tissue extracts, are 
identical, it would first. have to be shown that the prothrombin or thrombin 
of blood serum is specifically adapted to plasma or fibrinogen in the same 
Way as tissue coagulin is specifically adapted to plasma or fibrinogen. As 
far as we know, a direct proof that this is so has not yet been given. 
However, as we pointed out on previous occasions, it is possible that the 
inhibiting substance, present in serum, covers up the specific adaptation 
of the thrombin. 

There is another fact which has to be considered in this connection. 
While both prothrombin and tissue coagulin need calcium in order to cause 
coagulation of blood, the réle of caleium does not seem to be the same in 
the action of these two substances. After calcium has once combined with 
prothrombin and cytozym to form thrombin, it is no longer needed for 
the action of the latter, whereas in the case of tissuecoagulin, the presence 


of calcium is required during the time when tissuecoagulin acts on plasma 


or fibrinogen (la). 


SUMMARY 


We tested the effects of tissue extracts and blood serum of dogs and birds 
on the coagulation of dog heparin plasma and of bird plasma. A specific 
adaptation exists between the tissue extracts and the plasma, the effects 
which these substances exert on coagulation depending on whether the 
two substances, when combined are derived from homologous or heterolo- 
gous species or classes of animals. In the case of blood sera a correspond- 
ing specific adaptation cannot be demonstrated. 

If a mixture of serum and extract is added to plasma the serum causes 
an inhibition of the coagulating action which otherwise would be exerted 
by the extract alone, and this inhibition increases with increasirg length 
of incubation of these substances, in case serum and extract and plasma 
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are homologous. If serum is derived from one species or class of anim 
and extract and plasma from another species or class, if 1 

erologous combination is used, the addition of serum 

either causes a weakening of the inhibiting action or it may induce 
acceleration of coagulation of the plasma. If serum is derived from the 
same Class of animals as one of these two substances (extract or plasma), 
but differs in its origin from the other substance, then either the ho- 
mologous or heterologous combination may predominate, determining 
either an inhibition of the coagulating effect in the first case and an ac- 
celeration in the second case. 

There exists thus a specific adaptation between a substance in blood 
serum inhibiting the coagulation of blood plasma and substances in tissue 
extract and plasma, an effect which leads to the neutralization of the coag- 
ulating action of tissue extract. This specific inhibiting effect of the serum 
may be covered up, if the strength of the extract used is either too strong 
or too weak; in the former case the inhibiting serum action does not be- 
come manifest and, in the latter case, no coagulation occurs and it is there 
fore impossible to prove the existence of inhibiting effects. Through 
graded heating or dilution of the extract the strength of the extract can 
be regulated in such a way that the inhibiting effect of serum and its spe- 
cific nature become clearly recognizable, heating and dilution of extract 
acting in the same direction. 

Dog kidney extract is apparently not markedly affected by heating at 
56°, but it is weakened at 60°. Bird kidney extract and stromata of 
erythrocytes are more resistant to heating than are mammalian kidney 
extracts. However, even in the case of these more heat resistant sub- 


stances the weakening of these substances as the result of heating may 


become manifest, when extract is first incubated with serum previous to 
adding it to plasma, since under such conditions serum is able to inhibit 
the coagulating effect of the heated extract to a more marked degree than 
it would inhibit fresh extract. 

The stroma of red corpuscles is specifically adapted to blood plasma of 
the same species of animals; but a specific adaptation between serum and 
erythrocyte-stroma cannot be clearly demonstrated, inasmuch as in com- 
bination with erythrocyte-stroma suspensions the inhibiting effect of serum 
is not definite. 
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In preceding investigations (1) it has been shown that various blood 
sera, When incubated with tissue extracts, inhibit the coagulating effect, 
which the latter alone would exert on blood plasma, and that this inhibit- 
ing action increases with increasing incubation. The experiments further- 
more pointed to the conclusion that in respect to this inhibiting effect a 
specific adaptation exists between serum and tissue extract and blood 
plasma. But there was an apparent exception to this made of interaction 
between blood serum and kidney extract inasmuch as Burns, Scharles 
and Aitken (2) had observed that cattle kidney extract when incubated with 
cattle serum and sheep kidney extract after incubation with sheep serum 
instead of losing their coagulating effect to a large extent, lost only very 
slightly or not at all their ability to cause coagulation of blood plasma; 
mixtures of cattle serum and cattle extract retained their coagulating effect 
on dog heparin plasma even after an incubation period lasting as long as 
80 minutes. 

In the following investigations we wished to determine whether and 
under what conditions it might be possible to reverse the effects of the 
mixtures of cattle and sheep serum with their respective extracts and bring 
out the inhibiting, instead of the accelerating effect of blood serum on 
tissue extract also in this case. 

1. The method of preparing the various reagents in our experiments 
were the same as those used in the experiments of Burns, Scharles and 
Aitken, except that the extracts were prepared from fresh instead of from 
dried, pulverized kidney. Finely ground sheep or beef kidey was mixed 
with an equal volume of 0.9 per cent NaCl solution; the coarser particles 
were removed by means of a fine sieve. The resulting suspension was 
kept for about three or four hours in the ice box and then used for the 
experiments. The dog plasma was prepared by the addition of 1 mgm. of 
heparin to 5 ec. of dog blood; the plasma was then obtained by centri- 

1 These investigations were carried out with the aid of a grant for research in 
science made to Washington University by the Rockefeller Foundation 
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fuging. In each case 0.7 ec. serum and 0.3 cc. extract were mixed and this 
mixture was added to the plasma either at once or it was first incubated in 
the water bath at a temperature of about 37°C. for periods varying be- 
tween 1 and 80 minutes. The quantity of heparin dog plasma used was 
in each ease 1 ce. 

First, we confirmed the observation of Burns, Scharles and Aitken, 
that addition of mixtures of beef or sheep serum with beef or sheep kidney 
extracts to dog plasma caused rapid coagulation of the latter notwith- 
standing previous incubation of serum and extract. We then considered 
it possible that by making more difficult and thus retarding the coagula- 
tion of the blood plasma, the inhibiting effect which serum exerts on the 
coagulating action of extract, following previous incubation of mixtures 
of serum and extract, might become manifest. 

Three-tenths cubie centimeter of the kidney extract plus 0.7 ce. of a 
0.9 per cent NaCl solution very rapidly caused coagulation of 1 ec. hepar- 
inized dog plasma. We began by adding various anticoagulant substances 
to such a suspension of kidney extract in 0.9 per cent NaCl solution. 
The quantity*of the anticoagulant substance chosen was such that after 
its addition to the kidney extract the latter, when mixed with the blood 
plasma, required about 4 to 6 minutes in order to effect the coagulation 
of the plasma. In subsequent experiments this amount of anticoagulant 
substances was added to 0.3 ec. kidney extract. In further experiments 
0.7 ce. of 0.9 per cent NaCl solution in this mixture was replaced by 0.7 
ec. of the serum, the inhibiting effect of which we wished to test. For this 
purpose serum and extract together with the anticoagulant substance 
were incubated for various periods of time and at the end of the period 
of incubation 1 ec. dog heparin plasma was added to the mixture of serum, 
extract and anticoagulant. The anticoagulant substances used were: 
8 per cent NaCl, 0.6 per cent KC oxalate, 0.6 per cent Nakl, 0.6 per cent 
or 1 per cent Na citrate, and 0.5 mgm. or 1 mgm. heparin per 1 ec. of 0.9 
per cent NaCl solution. 

2. We found that under these conditions of experimentation the typical 
curves are obtained, showing an increase in the length of clotting time over 
that observed after addition of extract alone; this inhibition of coagula- 
tion is in general greater, the greater the length of the incubation period, 
although in different experiments the steepness of the curves may vary. 
Thus in some experiments we observed that after incubation for two 
minutes usually a rapid coagulation took place, while at a point between 
20 and 40 minutes’ incubation the coagulability may be lost entirely. 
In other instances, there was a steady increase in the length of coagulation 
time, until at last the mixture no longer caused clotting at all after addi- 
tion of the plasma. However, exceptions occurred in which there was 
no marked increase in coagulation time with the lengthening of the ineu- 
bation period. (See table 1.) 
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The absence of a.lengthening of coagulation time was noticed especially 
in cases in which addition of 1 cc. of blood serum alone to the ] 
without admixture of extract, caused a relatively rapid coagulation of the 
plasma, usually within a period varying in different experiments betwee 
10 and 90 minutes. On the other hand, if serum alone used in thes 
quantities did not cause coagulation at all or only with a much gre 
delay, then the increase in inhibition with increasing length of the ineu- 
bation period of mixtures of serum and extract was, on the average, quits 
pronounced. We may assume that in the former case the substar ce 
causing acceleration of coagulation was present in the serum in large 
quantity and that therefore even after long incubation with the extra 
this substance, perhaps after having first combined with a constituent it 
the extract, predominated strongly over the inhibiting substance in. the 
serum, which presumably also enters into combination with a constituent 


TABLE 1 
BEEY SERUM —-BEE® EXTRA‘ 1°) SODIUM CITRATE SHEEP SERUM SHEEP EXTRA ‘ 
lime of pog heparin lime of lime Dog 4 ‘ 
incubation plasma coagulation pla 4 
l 10 0 } 
3 10 13 3 10 5 
5 10 2 5 0 No ¢ t 
10 1 0 24 10 0 No clot 
20 10 No clot 20 0) No clot 
10) 10 No clot 40) 10 % clot 
60 10 No clot 60 ) N ( t 
SO 10 No clot SO i 0 No clot 


of the extract. This significance of the clotting power of the serum as 
such, for the result obtained, when we incubated serum and kidney extract, 
was noticed in all our experiments. 

It is probably for the same reason that we found usually, although not 
in every case, a difference between the effect of serum A obtained by de- 
fibrinating blood directly after it had been received from the animal, and 
serum B prepared by allowing the blood to coagulate spontaneously and 
then removing the serum from the clot after the coagulated blood had 
stood in the ice chest overnight. Serum B when used alone as a rule 
eaused more rapid coagulation of the heparin plasma than serum A; hence 
with mixtures of serum A and extract the typical inhibition curve was 
much more definite than with mixtures of serum B and extracts (table 2 

As to the effiecency of different kinds of anticoagulants only quanti- 
tative differences were found and it could be modified by varying the 
amounts of the anticoagulants. The results were the same irrespective 


of whether the anticoagulants exerted their inhibiting effect by inactivat- 
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ing calcium or whether like heparin they inhibited coagulation in some 
other way. 

In further experiments it was determined that the results were also 
independent of the time at which the anticoagulant was added. The 
curve of inhibition was the same when the anticoagulant was mixed with 
the extract previous to the addition of the latter to serum or when it was 
added to the mixture after completed incubation; in the second case two 
minutes were allowed to elapse before the plasma was poured into the com- 
bination of serum, extract and anticoagulant. 

We may conclude that the anticoagulant in delaying the coagulation 
of the blood plasma diminishes the effect of the factor, present in the mix- 
ture of serum and extract, which tends to accelerate the coagulation of 
the plasma, and conversely it favors the factor which tends to inhibit 


TABLE 2 


SHEEP SERUM B + SHEEP EXTRACT DEFIBRINATED SHEEP SERUM A + SHEEP EXTRACT 
+ HEPARIN SOLUTION + HEPARIN SOLUTION 
1 MGM. HEPARIN PER CC. PLASMA) (1 MGM. HEPARIN PER CC. PLASMA 
Time of incubation Time of coagulation Time of incubation Time of coagulation 
minutes minutes minutes minutes 
l 1 ] 7 
3 1 3 No clot 
5 1 5 No clot 
10 1 10 No clot 
20 2 20 No clot 
40 2} 40 No clot 
60 3 60 No clot 


Serum B alone caused coagulation of dog | Serum A alone did not cause coagulation 
heparin plasma in 40 minutes of dog heparin plasma in 2 hours 


coagulation. The latter then increases in strength with increasing length 
of the period of incubation of serum and extract. 

A curve showing increasing inhibition of coagulation, similar to the one 
caused by increasing the length of incubation of the mixture of serum and 
extract, is obtained by increasing the quantity of anticoagulant added to 
the extract. If then the serum is added and two minutes later the plasma, 
the coagulation time increases with increasing quantity of the anticoagu- 
lant and usually a steep rise in the curve occurs, if a certain amount of 
the anticoagulant has been exceeded. The coagulating effect predomi- 
nates in the mixture of serum and extract, if only a small amount of 
inhibiting substance is added; but with the increase in the amount of 
inhibiting substance, the substance accelerating coagulation is no longer 
able to overcome the effect of the anticoagulant and now the inhibiting 
substance begins to predominate. 
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In experiments in which we combined sheep or cattle serum with the 
homologous or heterologous kidney extract, a specific adaptation betwee 
serum and extract, as indicated by the relative strength of the inhibiting 
or accelerating reactions, could not be observed: on the whole, the effects 
on the coagulation of the blood were similar irrespective of whether 
homologous or heterologous combinations were used, although in certain 
experiments a somewhat greater inhibiting effect of the homologous com- 
binations seemed to be noticeable. It appears probable that if we us 
material from species which are relatively so nearly related as sheep and 
cattle the accelerating and the inhibiting substances which are active un- 
der these conditions interfere with each other in such a way that a definite 
specificity of the reactions cannot be observed. 

Discussion. We may then conclude that in combinations of serum 
and tissue extract from sheep and cattle, in which under ordinary condi- 
tions there is a lack of the increase in inhibition of coagulation with in- 
creasing time of incubation, which is observed if we use extracts and sera 
from various other species, an inhibition can be obtained if we decrease the 
rapidity of coagulation of the plasma by adding various kinds of anti- 
coagulant substances to the latter or to the extract. We may assume 
that under these conditions the effect of the inhibiting substance is mad 
to predominate more and more over the accelerating substance with in- 
creasing time of incubation. This is presumably due primarily to the 
inactivation of the tissuecoagulin by the inhibiting substance of the serum 
which takes place in the mixture with increasing length of incubation 

However there may be a second factor which accounts for the increase 
of inhibition with increasing incubation. There takes place in all prob- 
ability a diminution in the amount of active thrombin on the standing of 
the mixture of serum and extract; the rise in the curve indicating an inhi- 
bition in coagulation would then be due to the gradual loss of thrombin, 
as well as to the increasing inactivation of tissuecoagulin. As stated, 
this inhibiting effect is obtained irrespective of whether we add the anti- 
coagulant substance to the mixture of serum and extract before incubation 
or after completed incubation, and also without regard to the kind of anti- 
coagulant we use. The addition of calcium inactivating substances to 
the mixtures of serum and extract is effective even under conditions in 
which it may be assumed that the production of thrombin has been already 
accomplished. It appears probable that the inactivation of caleium 
affects unfavorably the effectiveness of the tissuecoagulin. 

We also notice that the inhibiting effect of the addition of serum to the 
extract, on subsequent incubation of the mixture, is much more pro- 
nounced, if we use serum which has not had a chance to extract from the 
blood clot a large quantity of coagulation accelerating substance, or if 


we use a serum, such as that of the dog, in which naturally the inhibiting 
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substance predominates. In cases in which the increasing length of incu- 
bation of the mixture of serum and extract does not lead to an increase 
in the coagulation time, we may assume that the serum does not possess 
a sufficient amount of inhibiting substance or that the coagulating sub- 
stance is present in the serum in so large a quantity that it overbalances 
the inhibiting substance which develops. Accordingly we have found 
formerly (3) that if we use fluorid plasma, the inhibiting effect of serum on 
tissue extract is rather slight, while it is considerable, when hirudin, pepton 
or heparin plasma is used. We may assume that in the former case, the 
coagulation takes place mainly under the influence of substances present 
in the serum, while in the latter case it takes place predominatingly under 
the influence of the tissuecoagulin which may be inhibited by substances 
present in the blood serum. 

It is therefore probable that the inhibiting action of the serum is due 
mainly to its antagonizing effect on tissuecoagulin, but that the diminu- 
tion in the amount of active thrombin, with increasing time of incubation 
of the mixture of serum and extract, may also be concerned in the in- 
crease in inhibition of the coagulation of the plasma which occurs under 
these conditions. 


CONCLUSION 

In mixtures of sheep or cattle serum and extract, which under ordinary 
conditions produce a rapid coagulation of heparin dog plasma, even after 
long continued incubation of the mixture, the typical curve of inhibition 
can be obtained, if the coagulation of the plasma is delayed through ad- 
dition of either heparin or a calcium inactivating substance. This effect 
takes place, irrespective of the time at which the latter substances are 
added. The curve indicating increasing inhibition of coagulation of 
plasma, with increasing incubation of the mixture of serum and extract, 
is presumably due to the inactivation of tissuecoagulin by a substance in 
the serum, as well as to the destruction of thrombin, which progresses 
with increasing time of incubation. 
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It was reported in a previous publication (1) that ventriculin, a substances 
made from pigs’ stomach and known to be efficacious in the treatment of 
pernicious anemia in man, could be used either to prevent or to cure the 
manifestations of vitamin Bo(G) deficiency in young albino rats. Strauss 
and Castle (2) and Castle and Rhoads (3) have shown that this vitamin 
deficiency in human beings may be related to pernicious anemia and sprue 
Goldberger and Wheeler (4) extensively investigated the relationship 
between pellagra in human beings and blacktongue in dogs and concluded 
that the two conditions were analogous, being due solely to a lack of vita- 
min G (pellagra-preventive factor), the heat stable portion of the vitamin B 
complex. As far as we have been able to ascertain, however, they pub- 
lished no statement as to the development of anemia in their animals. 
Sebrell (5) described a condition in dogs on diets deficient in, or containing a 
marginal quantity of, vitamin Bo(G) in which a fatty infiltration of the 
liver was the characteristic finding at autopsy. The purpose of the present 
study is to determine the effect of a blacktongue-producing diet on the 
hematopoietic tissues of dogs. 

MATERIALS AND METHODS. Six healthy appearing adult dogs were 
confined to our usual laboratory cages for several months’ observation 
before they were restricted to the following modification of the black- 
tongue-producing diet of Goldberger, Wheeler, Lillie and Rogers (6). 


Cornmeal.. 100 grams Cottonseed oil . 30 ce 
Cowpeas . 50 grams Cod liver oil 15 ce 
Casein (purified)! 95 grams Salt mixture? 22 grams 


Each of the six dogs was given daily one feeding of the above diet, being 
allowed to eat as much as desired. In addition, he received 2 cc. of a 50 
per cent solution of ferric ammonium citrate each day. The diet plus the 

1 After the method of McCollum and, in addition, subsequent boiling in 95 per 


cent alcohol to inactivate any remaining traces of vitamin Bo. 
2 Prepared by the Harris Laboratories 
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ferric ammonium citrate will be referred to hereafter as the basic diet. 
Two of the animals were given 75 grams of ventriculin per day each as a 
supplement to the basic diet. Red blood cell counts, hemoglobin deter- 
minations (Sahli acid hematin method), weighings, and reticulocyte 
counts according to the method kindly supplied us by Dr. Harry Gold- 
blatt® were done each week. Often, if desired, the above determinations 
were made on all animals. Two of the four test animals died and blocks 
of tissue from all organs including bone marrow were fixed in 10 per cent 
formalin, sectioned and stained. The remaining two test animals were 
given 25 grams of yeast! daily for 10 days after they developed an anemia. 

OBSERVATIONS. All of the dogs ate well during the first four weeks 
following the restriction to the basie diet. The red blood cell counts and 
hemoglobin determinations of the test and control animals rose slightly 
during the first two months. In the second month all the test animals 
lost their desire to eat the full diet and developed alopecia over the legs, 
shoulders, hips, scrotum, and around the anus. Ulcerations appeared over 
the points of contact and joints; the areas of both alopecia and ulceration 
increased slowly in size until the animal was treated. During the third 
month two of the four test dogs developed reddening of the mouth charac- 
teristic of blacktongue. These changes soon disappeared, however, with- 
out a change of diet, as often occurs in this disease. Each of the four test 
animals, regardless of the presence or absence of blacktongue, developed 
an anemia, the red blood cells and hemoglobin decreasing to 50 per cent of 
the initial value. The body weights of these four animals decreased pro- 
gressively, the loss amounting to 20 per cent or 30 per cent before the end 
of the study. After the four test animals developed anemia, two of them 
were promptly remitted by the addition of yeast to the basic diet, the two 
which remained on the basic diet without yeast supplements died. Both 
animals which died showed partial paralysis of the hind legs on the last 
day, one had convulsions beginning two hours before death. 

* Warm, ciean glass slides are dipped in 0.3 per cent alcoholic solution of brilliant 
cresyl blue, tipped at an angle of 45° on filter paper, and allowed to dry. Freely 
flowing blood from the marginal vein of the dog’s ear is drawn up to the 0.5 mark ina 
white cell counting pipette and diluted with a 0.3 per cent solution of brilliant cresyl 
blue in physiological saline to which has been added a small amount of potassium 
oxalate. The diluting fluid is drawn up to 11 and the pipette shaken. This tech- 
nique is identical with that of making a white blood cell count. A small amount is 
expelled from the pipette, then a drop is placed on one of the prepared slides. A 
cover slip and then a piece of filter paper are placed upon the preparation. By the 
application of slight pressure, the depth of the smear and density of the cells may be 
readily controlled. The cover glass is rimmed with a melted mixture of beeswax 
and petrolatum which solidifies immediately. This prevents evaporation of the 
diluted blood, holds the cover slip firmly in place, and makes possible the use of an 
oil immersion lens for the examination. One thousand cells are counted 

* Yeast furnished through the courtesy of Dr. I. F. Harris. Tuckahoe, N. Y. 
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The daily hematological studies of the two animals given yeast 
showed a prompt remission of the anemia. The type of hemopoi 
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Fig. 1 shows a decrease in hemoglobin and red blood cell values in an animal on the 
basic diet alone and the maintenance of the normal values in another anima! on the 
same basic diet but receiving large amounts of ventriculin 


| | 
DIET + IRON TREATMENT YEAST 


Fig. 2 shows the hemopoietic effect induced by adding yeast to the deficient diet 


after anemia has developed. Note that the reticulocytes are increased and are fol 


lowed by subsequent increase in the number of red blood cells and amount of hemo 
globin 


response which is seen in pernicious anemia after adequate therapy took 
place, namely: the reticulocyte count rose to a peak and quickly dropped, 
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following which there was a gradual rise of hemoglobin and red cells. 
Preceding this hemopoietic response, both animals showed an increase in 
appetite and the dermatitis improved. The two test animals which did 
not receive supplements of yeast continued to lose weight and became more 
anemic until their death in the fourth month of the study (fig. 1). The 
histopathological findings were a red and gelatinous bone marrow with corre- 
sponding microscopic findings. The viscera were examined but showed no 
significant pathological changes, either grossly or microscopically, other 
than fatty infiltration of the liver. 

The two control animals receiving the ventriculin supplement ate well, 
gained weight, and did not develop dermatitis, diarrhea, blacktongue or 
anemia during the course of the study (see fig. 1). 

Discussion. It has been shown in this experiment that the test dogs 
blacktongue-producing diet developed dermatitis, diarrhea 
and anemia. In addition, two of the dogs developed transient) black- 


restricted to a 


tongue, while in the remaining two involvement of the central nervous 
system occurred. This condition appears to be similar to that described 
by Sebrell, although he published no observation on the blood and bone 
marrow. Previous investigators who have used either similar or identical 
diets to induce vitamin Be deficiency have not always reported uniform 
findings. For example, Underhill and Mendel (7) observed skin and oral 
changes; Goldberger and his co-workers described only oral and = skin 
changes; Sebrell (5) found fatty infiltration of the liver; Miller and Rhoads 
(8) reported hematological and oral changes; while Zimmerman and Burack 
(9) stressed only nervous system involvement, but denied the presence of 
an anemia. The authors, on the other hand, have observed that two test 
animals had involvement of the skin, gastro-intestinal, nervous, and 
hemopoietic systems, while the remaining two test dogs had at least two 
of these systems affected. Our observations confirm those of Miller and 
Rhoads who maintain that a somewhat chronic deprivation of diet induces 
an anemia in some dogs, and those of Zimmerman and Burack who claim 
that animals restricted to such a basic diet develop neurological changes. 

Furthermore, it has been shown by this study that large amounts of 
ventriculin protect dogs receiving the unbalanced diet against the defi- 
ciency state and also that anemia can be remitted by small amounts of 
yeast. The latter observation was likewise made by Miller and Rhoads 
(3). 

No conclusive statement can be made as to the effects of such a deficiency 
diet on animals without taking into consideration the following factors: 
1. Partial inanitition due to loss of appetite in those animals restricted to 
experimental diets. 2. The varying degree of susceptibility of different 
animals to the development of one particular manifestation of this defi- 
ciency state. 3. Possible differences in chemical constituents of the re- 
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stricted unbalanced diets. 4. Variances in the quantity of food eaten b 
each animal on the same basic diet. 5. The length of time the animals 
kept on the pellagra-producing diet. Not until such problerms have bee 
solved can we claim, as some observers are prone to do, first, that the 

of a single specific chemical substance causes pellagra or pernicious anemia 
in human beings; dermatitis in rats; blacktongue, anemia, der iatitis, and 


deficiency, as judged by any one of the various manifestations following th 
continued ingestion of a markedly deficient diet, is a simple deficiency 
condition which develops following the lack of one chemical compou 


the diet. 


SUMMARY AND CONCLUSIONS 


1. It has been shown in the present experiment that the loss of we 


and development of anemia, dermatitis, and blacktongue in dogs can be 
prevented by the addition of large supplements of ventriculin to the basic 
diet and can be remitted by the addition of small amounts of veast 

2. In view of our present inadequate information concerning the nature 
of the chemical substance or substances involved, it seems unwise to 
assume that the dermatitis, stomatitis, anemia, neuritis, and dementia of 
pellagra in human beings; and the dermatitis, blacktongue, diarrhea, ane- 
mia, and neurological involvement developing in dogs restricted to an 
unbalanced diet are all produced by the lack of the same specific chemical 


substance. 
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Intense sympatho-adrenal discharge occurs in normal animals after a 
severe hemorrhage. The strong vasoconstriction due to activity of the 
sympathetic nerves (Cope, 1911; Pilcher and Sollmann, 1914; Meek and 
Eyster, 1921) aids in the restoration of blood pressure to a normal level. 
The adrenal medulla is also involved, for Bedford (1916), Tournade and 
Chabrol (1925), Saito (1928) and others have found that hemorrhage in- 
creases the adrenalin content of the blood. The increased adrenal dis- 
charge codperates with the vasoconstrictor activity in restoring arterial 
pressure to a normal level. It also raises the blood sugar above normal 
(Saito, Kamei and Tachi, 1928; ete.) and, according to Cannon and Men- 
denha!l (1914), causes a decrease in the clotting time of the blood. Be- 
cause of their ability to compensate promptly normal animals can endure a 
relatively sudden loss of at least a third of their total blood volume. 

Schlossberg and Sawyer (1933) reported that completely sympathec- 
tomized cats were incapable of compensating for mild hemorrhages of 
between 12 to 15 per cent of their blood volume. Although the arterial 
pressure rose slightly after hemorrhage, the rise was a few millimeters at 
most and never approximated the swift rise to the prehemorrhage level 
which is observed in normal cats. Slight additional loss of blood proved 
fatal to their sympathectomized animals, even though the total blood loss 
was far below that which would have seriously affected an animal with an 
intact sympathetic system. 

In the series of experiments to be described, chronic spinal animals were 
subjected to sudden severe hemorrhages. It was thought that the response 
of these preparations would indicate whether such animals were virtually 
sympathectomized or could still show compensatory sympatho-adrenal 
activity. An ability to compensate would prove that the sympathetic 
system could be induced to discharge, as a result of hemorrhage and the 
accompanying low arterial pressure, despite being disconnected from higher 
centers of control. 

Metuop. Inthe course of this work the effects of hemorrhages, varying 
from 10 to 25 per cent of the total blood volume, were observed in forty 
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chronic spinal cats and six spinal dogs. The animals were prepared by 


transecting the cord at the sixth cervical segment. Since the maximum 
response could be obtained in most cases ten days to two weeks after tran- 
section of the cord they were seldom kept for a longer period of time befor 
being tested. The animals were fed a normal diet and care was taken to 


see that they did not become dehydrated during the post-operative period 
They were catheterized daily. Occasionally intraperitoneal injections of 
saline were necessary in preventing dehydration because a high environ- 
mental temperature had to be used to preserve a normal body temperature. 

The experiments were performed on anesthetized animals. Pentobar- 
bital sodium (0.7 grain per kgm.) was commonly used but dial “Ciba” 
was twice employed. Four spinal animals were etherized and decapitated 
and two were decerebrated and the experiments continued without further 
anesthesia. These tests indicated that the anesthetic was in no way 
modifying the type of result obtained. The vagi were generally cut in the 
neck. A tracheal cannula was inserted. Arterial pressure was recorded 
from a carotid or femoral artery and blood samples were obtained from a 
branch of a femoral artery. In bleeding the animal a cannula was placed 
in a carotid artery and the blood allowed to flow freely into a graduate until 
the desired amount had been obtained. In calculating the severity of the 
hemorrhage the blood volume of the cats was considered to be 7 per cent 
of the body weight (Sherrington and Copeman, 1893; Meek and Gasser, 
1918). 

Resutts. Restoration of arterial pressure. It was found that spinal 
animals could restore their arterial pressure to the prehemorrhage level 
within a few minutes after a blood loss amounting to 15 to 25 per cent of 
their total blood volume (fig. 1). The compensation was slower and less 
effective than in the normal cat and comparable amounts of blood could 
not be withdrawn from the spinal animal without causing the blood pres- 
sure to drop to a fatal level. However, death was due to respiratory 
failure and if the spinal animals were given artificial respiration they sur- 
vived the removal of surprisingly large amounts of blood. The ability of 
spinal preparations to compensate was influenced by the general physical 
condition of the animal. 

The return of the blood pressure to a normal level suggested that the 
sympatho-adrenal system must have been acting, for, as previously stated, 
numerous investigators have shown that this system is activated by hemor- 
rhage in normal animals and is responsible for their compensatory reactions. 
To test this, inactivation of the sympatho-adrenal system was performed 
and control experiments then executed. In those cases in which complete 
adrenal removal was desired the operation was performed acutely a few 


hours before the experiment. The sympathetic chains were removed as 
described by Cannon, Newton, Bright, Menkin and Moore (1929). Sym- 
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pathectomy was not considered to be complete unless each chain had been 
removed intact. Several weeks elapsed before these animals were used or 
cervical transection of the cord performed. 

Denervation and complete removal of the adrenals did not seem to affect 
the compensatory ability of the spinal animals. The observation of 
Schlossberg and Sawyer (1933), that complete removal of the sympathetic 
chains greatly lessens the ability of animals to compensate for blood loss, 
was mainly confirmed in five sympathectomized cats which were otherwise 
normal. The cords of three sympathectomized animals were severed at 
the 6th cervical level. A few days after these operations the spinal sym- 


Fig. 1.. The response of arterial blood pressure to hemorrhage in (A) normal cat, 
(B) spinal cat (6th cervical cord transection), and (C) spinal sympathectomized cat. 


pathectomized animals were subjected to moderate hemorrhages and like- 
wise failed to compensate for the drop in arterial pressure. However, 
these experiments on sympathectomized animals with and without their 
cords cut showed that such animals are not entirely devoid of compensa- 
tory ability. Although a hemorrhage of 10 to 15 per cent of their blood 


volume reduced the arterial pressure to a very low level and respiration 
failed, if they were given artificial respiration for several minutes the 
pressure eventually began to rise and finally returned sufficiently to insure 
an adequate blood supply to the centers and the animals began to breathe 
and eventually recovered. It is felt that blood dilution with restoration 
of blood volume must be the factor at work in producing this residual com- 
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pensation. No work, however, has as yet been done to support this belief 
and there is a possibility that some regeneration of the sympathetic fibers 
may have occurred in a few cases. 

Changes in heart rate. It was found that even after transection of the 
vagi, hemorrhages occasionally produced retardation of the heart rate 
although an acceleration usually occurred if the cardio-accelerator nerves 
were intact or the adrenals present. In every case hemorrhage was fol- 
lowed by slowing of the heart in completely sympathectomized animals 
with vagi cut and from which the adrenals had been removed. 

Vasoconstriction. In several experiments plethysmographs were placed 
upon the two hind legs, one of which had been completely denervated. In 
denervating the leg the abdominal sympathetic chain of that side was 
removed two weeks previous to the acute experiment to permit develop- 
ment of some intrinsic tone in the limb vessels. The remaining leg nerves 
were cut at the time of the experiment. Cattell (1923) has found that 
there is a decrease in leg volume when an animal is placed under conditions 
which stimulate general vasoconstriction. In seven experiments the de- 
crease in leg volume following hemorrhage was always greater in the 
innervated leg than in the denervated member (fig. 2). The adrenals 
had been removed previous to the hemorrhage and this eliminated the 
chief source of humoral constrictor agents. That the difference in response 
of the legs was consistently present is the chief argument in favor of 
the occurrence of a vasoconstriction of nervous origin following the 
hemorrhages. 

A slightly better method of testing for vasoconstriction of nervous origin 
was used in a few experiments (Pilcher and Sollmann, 1910). The arteries 
and veins of a hind leg were quickly tied off, leaving the nerves intact. 
The leg was then perfused with warm hemoglobin-Ringer solution (Amber- 
son et al., 1934) at a pressure of 100 mm. Hg. <A drop recorder was em- 
ployed to measure the rate of flow of the fluid from the veins. These per- 
fusion experiments showed only small differences between the innervated 
and denervated legs. The leg in which the sympathetic nerves had degen- 
erated, due to a previous removal of the abdominal chain of that side, 
showed no change in the resistance to perfusion. In innervated legs, how- 
ever, shortly after the hemorrhage the drops of perfusing fluid came less 
frequently and the original frequency did not return for about 45 minutes 
after the hemorrhage, when the blood pressure had been maintained at an 
approximately normal level for some time. These observations indicated 
a weak vasoconstriction or one confined to a small portion of the leg tissues. 
No adrenal factor could have been involved in these cases since the per- 
fused member was entirely separated from the trunk circulation. 

Since the vasoconstrictor nerves of the leg are relatively unimportant in 
comparison with the vasoconstrictor supply of the visceral organs, an 
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indirect method of studying vasoconstriction in the kidney was used. One 
kidney of a chronic spinal animal was completely denervated and the 
adrenals were removed. Cannulae were then placed in the ureters and the 
urine flow from the innervated and denervated kidneys was measured. 
The denervated kidney usually produced slightly more urine per minute 
than did the innervated organ. The urine flow was greatly lessened in 


both cases as a result of the low posthemorrhage arterial pressure but the 


Fig. 2. Change in volume of denervated and normal hind legs resulting from 
hemorrhage. Dotted lines represent the base lines of the levers. Upward move- 
ment of lever indicates a decrease in volume. A-A’—Plethysmographic records 
obtained from a normal cat. Upper record innervated leg; lower record denervated 
leg. B-B’—Plethysmographic records obtained from the denervated hind leg (upper 
tracing) and a normal hind leg (lower tracing) of a spinal animal. H—Hemorrhage. 
Five minutes elapsed between A and A’; B and B’. 


innervated kidney was affected to a much greater extent. The denervated 
organ began to produce more urine as the pressure began to rise and 
attained its original level of secretion within 30 to 45 minutes after the 
hemorrhage. The innervated kidney produced no urine at all for 20 to 30 
minutes after the hemorrhage and it did not attain its prehemorrhage 
volume output during the hour and a half that the animals were kept 
following the hemorrhage (table 1). This again indicated that sympathetic 
vasoconstrictors are caused to act by the low pressures following hemor- 
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rhage. Somewhat similar experiments have been performed in normal 
animals by Bayliss and Fee (1930). They found that the decrease in 
urine flow following hemorrhage was in part due to a reflex inhibition of 
blood flow in the kidney. 

Contraction of the nictitating membrane. The sensitized nictitating mem- 
brane has frequently been used as an indicator of sympatho-adrenal dis- 
charge (Rosenblueth and Cannon, 1932). Figure 3 presents the type of 
result obtained when this organ, sensitized by previous denervation, was 
employed to test for activity of the adrenals following hemorrhage. A 
contraction was obtained in both normal and spinal animals. 
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Changes in clotting time. A change in clotting time of the blood is not a 
very delicate or reliable indicator of adrenal discharge and activity of 
the sympathetic nerves but the results obtained were in agreement with 
the other tests for hemorrhage-induced activity of the sympathetic system. 
The blood did clot more swiftly following hemorrhages in spinal cats when 
the adrenals and sympathetic nerves were intact. The variations in speed 
of blood clotting were determined by the Cannon and Mendenhall (1914) 


technique. 
Rise in blood sugar concentration. The sympatho-adrenal discharge 


which is involved in the compensatory responses of normal animals to 
severe hemorrhage produces a rise in blood sugar (Saito, Kamei and Tachi, 
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1928). This is likewise true of the spinal animals. Table 2 tabulates the 
effects produced by hemorrhages in a variety of preparations. The Folin- 
Svedberg (1930) method was followed in investigating blood sugar changes. 

Site of origin of sympatho-adrenal activity. Denervation of the adrenals 
did not completely insensitize the gland to the conditions produced by a 
severe hemorrhage. It has been shown that the denervated adrenal gland 
will discharge adrenine as a result of asphyxiation (Cannon and Hoskins, 
1911; Zwemer and Newton, 1928). It seems probable that the low post- 
hemorrhage blood pressures m' ght have stimulated the denervated gland, 
possib y by cellular asphyxia. At any rate evidence of adrenal discharge 
was obtained. Slight contraction of the denervated nictitating membrane 


C 


Fig. 3. Contractions of the denervated nictitating membrane following hemor- 
rhage (H). A-A’ Spinal cat. Five minutes between A and A’. B-Intravenous 
injection of 0.5 cc. of 1:250,000 adrenalin solution into same spinal animal. C-Nor- 
mal animal. D—Injection into same normal of 0.5 ec. of 1:250,000 adrenalin. E 


Spinal sympathectomized animal with adrenals in (denervated). F—Spinal sym- 
pathectomized cat with adrenals removed. 


occurred following hemorrhage in a few spinal animals with denervated 
adrenals, although it was never observed after complete removal of the 
glands. Heart rate, blood pressure, clotting time and blood sugar changes 
were not greatly affected by adrenal denervation but complete removal of 
the glands practically abolished them, especially in the absence of the 
sympathetic chains. In completely sympathectomized cats the adrenal 
glands had to be removed before all the signs of sympatho-adrenal dis- 
charge, normally fo'lowing hemorrhage, were abolished. 

The possibility that the low posthemorrhage blood pressures might have 
evoked the compensatory vasoconstriction and sympatho-adrenal activity 


through an effect on some peripheral mechanism was considered. All the 
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dorsal roots of three cats were cut between C-7 and L-5, and the cord was 
then transected at these levels thus eliminating any possibility of the sym- 
pathetic outflow being stimulated reflexly. Although the changes in heart 
rate following hemorrhage were much smaller than those observed in spina! 
animals with intact dorsal roots, the vasoconstrictor activity seemed to 
be equally good since the arterial pressure returned to normal quickly. 
Cutting both dorsal and ventral roots rendered the spinal animal as unable 
to compensate promptly as were sympathectomized animals. In all cases 
adrenals were removed acutely to prevent the complications resulting from 
a direct effect of the low pressures upon the gland. These last experiments 
indicated that the spinal cord is affected directly by the posthemorrhage 


TABLE 2 
The effect of hemorrhage on the blood sugar level 


IN 


= AVERAGE BLOOD 2 
SUGAR IN MGM 32 
<- PER 100 cc. OF z& 
oa 
DESCKIPTION OF ANIMALS < = 
= ae & aS 
Normal: Control 5 135 18 165194119178 +859 
Spinal: Otherwise normal 10 105 13 119,132,130 103) +27 
Decapitate: Otherwise normal 3 118 16 +36 
Spinal: Adrenals denervated 3 110 14 128 130/138 113, +28 
Spinal: Adrenals out 3 82 14 93, 93 80 64, +11 
Spinal: Sympathectomized; adrenals 
in 2 108 13 113 104 101, 98 +5 
Spinal: Sympathectomized; adrenals 
out ne ‘ ery 2 96 14 96 96 90 87 0 


conditions and that the compensatory vasoconstriction, ete., originates 
there. 

Discussion. The spinal cord even when disconnected from higher 
centers of control is capable of mediating some reflex activity of the sym- 
pathetic nerves and the adrenal medulla. Nociceptive stimuli elicit a 
marked rise in arterial pressure (Sherrington, 1906), blood sugar, heart 
rate, contraction of the denervated nictitating membrane and a diminished 
clotting time of the blood. These effects are the result of a reflex discharge 
of the sympatho-adrenal system (Brooks, 1933). 

The results of this present work show that hemorrhage likewise produces 
strong sympatho-adrenal discharge in the spinal animal. It is felt that no 
one of the tests employed for the detection of activity of the sympathetic 
system would be completely satisfactory proof if considered alone. How- 
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ever, the large number of tests used and their complete agreement indicate 
that some compensatory vasoconstriction and medulliadrena! discharge 
occurs in the chronic spinal animal following hemorrhage. Unitii a study 
‘an be made of the fluid restoration following hemorrhage, in sympathec- 
tomized and spinal cats, and its effect on blood pressure, the relative impor- 
tance of the nervous vasoconstriction and the fluid restoration, in pro- 
ducing the posthemorrhage rise in arterial pressure, cannot be judged. 

Gammon and Bronk (1933) have located sensory endings in the abdomi- 
nal mesentery which are sensitive to changes in arterial pressure. Al- 
though no physiological function has been reported for them it was thought 
that they or some other peripheral carotid-sinus-like mechanism might be 
responsible for the excitation of compensatory vasoconstriction following 
hemorrhage in spinal animals. Since transection of all the dorsal roots of 
the thoraco-lumbar cord failed to abolish the posthemorrhagic rises in 
blood pressure, even though the heart rate did not rise as in spinal animals 
with dorsal roots intact, it was concluded that the cord must be directly 
affected by the low blood pressure or an asphyxiation arising therefrom and 
that no peripheral mechanism is necessary. Cutting the dorsal roots, how- 
ever, did not eliminate the possibility that the postganglionic neurons them- 
selves were stimulated. When dorsal and ventral roots were cut no com- 
pensation occurred showing that the cord connections with the sympathetic 
ganglia are necessary and that the cord gives origin to the responses ob- 
served in the spinal animal. 


SUMMARY 


Spinal and decapitate cats can compensate for hemorrhages of between 
10 to 25 per cent of their total blood volume. This compensatory ability 
is largely due to activity of the sympatho-adrenal system. 

The activity of the sympatho-adrenal system is attested by a posthemor- 
rhage vasoconstriction, a contraction of the nictitating membrane, a de- 
crease in the clotting time of the blood and a rise in blood sugar level. 

Removal of lateral sympathetic chains and adrenal medulla abolishes 
these compensatory responses. 

Cutting the dorsal roots of the isolated thoraco-lumbar cord does not 
abolish the ability of the spinal animal to compensate and the blood pres- 
sure quickly returns to its normal level after a hemorrhage. Cutting the 
ventral roots in addition does abolish the compensatory activity. The 
origin of this response is in the cord. 
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It has long been known that the higher the pressure of injection, the 
more rapidly is an isotonic solution absorbed from the subarachnoid space. 
These early observations led to the idea that the absorption of cerebrospinal 
fluid was largely a process of filtration through membranes from a point of 
higher to a point of lower hydrostatic pressure. The finding that the 
venous pressure in the superior sagittal sinus is usually lower than the 
pressure in the subarachnoid space (6) seemed to lend support to the 
general hypothesis, but no convincing data setting forth the effective forces 
leading to this absorption of cerebrospinal fluid have been presented. 

In considering the factors which might play a réle in the process of 
absorption of cerebrospinal fluid, it became apparent that the colloid 
osmotic pressure of the blood and the hydrostatic pressure-difference 
between the subarachnoid pressure and the intracranial venous pressure 
should be the effective forces. The crystalloids of the blood and of the 
luid are approximately the same in amount and nature, so that no effective 
pressures could be created by these substances. It therefore seemed fea- 
sible to attempt the determination of the total effective pressures playing a 
role in absorption of the fluid, for the osmotic pressure of the blood could 
be ascertained through use of appropriate celloidin membranes and the 
hydrostatic factor could be had by measurement of the subarachnoid 
pressure and of the sagittal venous pressure. 

This experimental approach to the problem appeared possible as Morten- 
sen and Weed (5) had recently devised a simple apparatus which permitted 
maintenance of any desired pressure within the subarachnoid space and 
at the same time permitted measurement of small amounts of fluid ab- 
sorbed or extruded from this space. The apparatus consisted essentially 
of a pipette-reservoir system, with the foreign solution filling the pipette 
which was connected by tubing to a reservoir containing a kerosene-chloro- 
form mixture of the same specific gravity as the foreign solution. With 
this apparatus attached to etherized dogs, measurements of the amount of 
Locke’s solution absorbed at different pressures from the subarachnoid 
space were made. In these experiments by Mortensen and Weed the 
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pressure-increases were by multiples of the original pressure of th 
spinal fluid: the rates of absorption showed a linear relationshiy 
the lower pressure-range while at three or four times norma! 
marked acceleration of the rate of absorption was noted. 

Using this reservoir-pipette system, experiments on the absorption 
foreign solutions were therefore undertaken on dogs etherized by intra- 
tracheal cannula connected to a Woulff bottle. The venous pressure in the 
superior sagittal sinus was determined by the method of Weed and Hugh- 
son (6), and the readings were made each minute throughout the period 
of experimentation. As in the previous observations the pipette-reservoir 
system was attached to the animal by a puncture-needle inserted through 
the oecipito-atlantuid ligament into the subarachnoid space. The existing 
pressure of the cerebrospinal fluid for the individual dog was first deter- 
mined by readings over a control period of 5 to 15 minutes, and then by 
opening the appropriate stop-cock the pipette-reservoir system Was con- 
nected with the subarachnoid space. The pipette containing Locke's 
solution at body temperature was first thrown into the system and the 
reservoir set to maintain a pressure of 50 mim. saline above the normal 
pressure of the cerebrospinal fluid. After measuring the absorption of 
Locke’s solution for 3 to 5 minutes at this pressure, the reservoir was 
slowly raised by successive increments of 50 mm. saline, and the rate of 
absorption determined for the solution at each of these established pressures 
for the same periods of time. Whenever the animal showed signs of 


increased intracranial pressure, the reservoir was not raised to any higher 


level: such signs usually made their appearance at 350 to 500 mm. saline 
above normal. But in the ordinary preparation the pressure could be 
increased the desired 400 mm. saline without appearance of any abnor- 
mality in breathing, movement, ete. 

As soon as the rate of absorption of Locke’s solution at the highest pres- 
sure was determined, the pipette-connections were altered so that the 
Locke’s solution was shut off and the other foreign solution at body tem- 
perature introduced. A considerable period——10 to 15 minutes—was 
needed for the establishment of a new rate of absorption as the external 
system had to be washed free of the Locke's solution and the animal’s 
subarachnoid space filled with the new foreign solution to the membranes 
of absorption. As soon as a constant rate of absorption was recorded, the 
reservoir was lowered by decrements of 50 mm. saline, with determination 
of the rate of absorption at each established level of pressure. 

When the pressure in the reservoir-pipette system had been returned to 
normal or as soon as the second foreign solution was no longer absorbed, 
the puncture-needle was detached from the external system, and the 
cerebrospinal fluid, mixed with the foreign solution, collected from the 
subarachnoid space. By heart-puncture, blood was withdrawn, either 
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for whipping to secure serum or into oxalate (also citrave) solutions. The 
osmotic pressures of the blood samples and of the modified cerebrospinal 
fluid were determined by setting up at least two celloidin-tubes for each 
sample, in accordance with the method of Mayrs (3). The readings of 
these tubes were made in 20 to 22 hours, during which time they were kept 
at room-temperature; corrections for capillarity of the tube, for dilution of 
the blood with anticoagulant and for volume-changes occasioned by move- 
ment from the initial level were made. 

Three protein-solutions were used and their absorption-rates contrasted 
with the Locke’s solution. At body-temperature the viscosity of these 
solutions was such that they flowed from a burette at approximately the 
same rate as Locke’s solution. The first of these protein-solutions was 
serum from another dog; the second was a gelatin-solution made up by 
dissolving 245 grams of gelatin in 400 cc. of Locke’s solution. The third 
was a solution of pure casein, dissolved in M/15 phosphate buffer of pH 
7.4. 

With the data from the determinations of the colloid osmotic pressures of 
the blood and of the modified cerebrospinal fluid (obtained after the sub- 
arachnoid injection of the protein solution), it was possible to calculate the 
total effective pressures by adding the effective colloid osmotic value (col- 
loid osmotic pressure of blood minus that of subarachnoid fluid) to the 
effective hydrostatic pressure which was determined by subtracting the 
sagittal venous pressure from the established subarachnoid pressure. 
Such a calculation is given in table 1 which presents the data from an 
adult male dog with absorption-rates for Locke’s solution and for a gelatin- 
solution. When ina typical animal these absorption-rates per minute were 
plotted against the total effective pressure, a linear relationship for both 
the Locke’s and the gelatin-solutions was apparent (fig. 1). A similar 
linear relationship was found to hold also for the casein-solutions and for 
the dog serum. The graph illustrating the absorption of the gelatin- 
solution was made by taking the average rates of absorption (as determined 
for intervals of 3 to 5 minutes at each of the maintained subarachnoid 
pressures) and also by taking the average of the sagittal sinus readings 
during the same periods. Such a use of average readings makes the linear 
relationship the more obvious: the points representing the individual 
average values fall therefore more nearly on the same straight line. The 
irregular spacing of the points along the abscissae is due to variations in the 
sagittal venous pressures as the subarachnoid pressures were raised and 
lowered by equal steps. 

In addition to the experiments dealing with the comparative rates of 
absorption of Locke’s solution and protein-solutions, a number of observa- 
tions were made for comparison of the rates of absorption of simple non- 
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TABLE 1 


COLLOID COLLOID 
C.8.F 


SAGITTAL OSMOTIC OSMOTIC 
VENOUS PRESSURE PRESSURE 
PRESSURE | SAGITTAL 
PRESSURE BLOOD MODIFIED 
PRESSURE : 
SERUM C.8.F 


Locke’s solution 


mm. saline | mm. saline mm. salir mm. saline 
250 149 101 312 
300 154 146 312 
350 154 196 312 
400 148 252 312 
450 146 304 312 
500 145 355 312 
550 } 155 395 312 
600 } 180 420 312 


Gelatin solution 


312 
312 
312 
312 
312 
312 
312 


GELATIN SOLUTION * 
LOCKE'S SOLUTION © 


| 
+ —+ — 
| 


ABSORPTION PER MINUTE IN CC-——> 


TOTAL EFFECTIVE PRESSURE IN MM SALINE——» 
400 450 500 $50 600 650 700 750 600 


Fig. 1. Etherized dog. Absorption from the subarachnoid space of Locke’s 
solution and of a gelatin-solution, under conditions of maintained pressures. Total 
effective pressure composed of hydrostatic pressure (subarachnoid pressure minus 
sagittal venous pressure) plus colloid osmotic pressure-difference between blood 
and cerebrospinal fluid (as withdrawn from subarachnoid space after injection of 
protein-solution). Points plotted are average readings. 


PRESSURE 
EFFECTIVE ATE 
312 413 0 02 
312 45S Of 
312 50S 10 
312 14 
312 616 0 19 
312 667 0 23 
312 707 0 27 
312 732 0 2s 
300 137 163 98 214 377 0 003 
350 150 200 98 214 414 0 03 
400 144 256 98 214 170 0 O07 
150 135 315 98 214 529 0.11 
500 145 355 OS 214 569 015 
550 152 398 98 214 612 0.18 
600 149 451 98 214 665 0 23 
| | 
| 
| j | 
} 
| 
| 
| | | 
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isotonic solutions with Locke’s solution. In the first group of these experi- 
ments, the rate of absorption of Locke’s solution was contrasted with that 
of distilled water: surprisingly enough, the two solutions were found to be 
absorbed at exactly the same rate. Plotting these average rates of absorp- 
tion against the hydrostatic pressure of the subarachnoid space minus that 
of the sagittal sinus (the colloid osmotic pressure of the blood adding 
merely a constant) gave a linear relationship. And when the subarach- 
noid absorption-rate of Locke’s solution was contrasted with that of a twice- 
normal Locke’s solution (in which double quantities of the salts were added 
to the same quantity of water), identical rates were found. Here again a 
linear relationship between absorption-rate and effective pressure was 
apparent. The explanation for these extraordinary results with distilled 
water and with twice-normal Locke’s solution is not clear: it may be that 
such solutions within the subarachnoid space are quickly rendered isotonic. 

These findings that the rates of absorption of an isotonic crystalloid 
solution (Locke’s) and a protein-containing solution, when plotted against 
the total effective pressures, are described by the same straight line would 
seem to indicate that the factors assumed to make up the “total effective 
pressure” are actually the ones responsible for the process of absorption of 
cerebrospinal fluid. In spite of all of the difficulties and shortcomings of 
the methods for the determination of colloid osmotic pressures (cf. Meyer, 
4; Landis, 2, et al.), the data when used as an average of two determina- 
tions seem adequate. While certain observers (Bonsmann and Brunelli, 1) 
have found that during anesthesia the colloid osmotic pressure of the blood 
changes, control observations under the same conditions as these experi- 
ments have given no indication that this osmotic pressure changes to any 
appreciable degree during the period of etherization (75 minutes). Were 
the colloid osmotic pressure of the blood inconstant during the period of 
experimentation, it would be impossible to detect any linear relationship 
for either Locke’s solution or for the protein-solution. 

These experiments indicate that the rate of absorption of a protein-solu- 
tion from the subarachnoid space is slower than that of an isotonic crystal- 


loid solution. The effective colloid osmotic pressure of the blood is dimin- 


ished by the amount of the colloid osmotic pressure of the cerebrospinal 
fluid, here mixed with the protein-solution: the passage of fluid (water plus 
crystalloids) through the absorbing membranes is therefore retarded. It 
would seem reasonable to assume that protein does not leave the subarach- 
noid space in appreciable quantity during the short period of introduction 
of the foreign solution (30 minutes). The regularity of the experimental 
data indicate that there is no material change of protein-concentration in 
the subarachnoid space during the period of measurement. This constancy 
seems to be a function of the total quantity of the protein-solution in that 
space (relatively large at high pressures apparently) and of the amount of 
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water abstracted from the protein-solution by absorption 
ments were apparently executed rapidly enough for the 
absorption of water to make no detectable difference in the 
centration. 
From an analysis of the data here presented, it seems fair to cor 
that the total effective force actuating the normal process of absorptior 
cerebrospinal fluid is compounded of the colloid osmotic pressure of t! 
blood plus a hydrostatic factor derived from the difference in subarachnoid 


pressure and the intracranial venous pressure. 
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Various investigations suggest that the energy metabolism of the salivary 
glands is very similar to that of muscle. While working, the glands remove 
sugar and oxygen from the blood and liberate carbon dioxide (Anrep and 
Cannan, 1922, 1923; Barcroft, 1901), lactic acid and phosphates (Ber- 
gonzi, 1931). Cyanides and monoiodoacetic acid have about the same 
effects, qualitatively, as in muscle (Ferrari and Hoéber, 1933). It might 
therefore be expected that analysis of the gland itself after activity would 
show the same changes as does fatigued muscle. But Himwich and 
Adams (1930) analyzed active and resting glands for lactic acid, and were 
unable to demonstrate a consistent increase in stimulated glands, nor in 
the blood coming from them. They stimulated the chorda tympani until 
the gland was exhausted. Their results are, however, highly variable, and 
it is possible that in some of their experiments considerable removal of 
lactic acid may have taken place before analysis, as they did not freeze the 
glands on removal from the animal. 

These results are in contradiction to the indications in the earlier litera- 
ture that salivary gland metabolism is similar to that of muscle. The fail- 
ure of Bergonzi and Boleato (1931) to find a decrease in glycogen on stimu- 
lation of the gland also does not agree with this assumption. And further- 
more, no investigation has been made on what would appear to be the 
most crucial question—whether or not there is a decrease in the amount of 
creatine phosphate in the gland during activity. This direct approach to 
the question has been attempted, along with a more detailed study of the 
changes in glycogen and lactie acid, with a view to obtaining a direct com- 
parison of the activity metabolism of the salivary gland with that of muscle. 
Forty-seven experiments of various types were performed, and determina- 
tions made of the glycogen, lactie acid, and creatine phosphate content of 
resting and exhausted glands. 

MetuHop. Dogs under amytal anesthesia were used. Amytal depres- 
ses salivary secretion somewhat (Stavraky, 1931), but this condition was 
considered to be preferable to the frequent spontaneous secretion of all 
salivary glands which occurs with ether. 


The two submaxillary glands were freed from their capsules by blunt 
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dissection, care being taken not to interfere with their blood supply. The 
duct of the gland chosen for stimulation was cannulated. 

In order to get maximum activity from the gland, in most experiments 
both sympathetic and parasympathetic nerves to the gland were stimulated 
simultaneously by placing the electrodes on the tissue just under the duct 
where it leaves the gland, and maximal stimulation with faradic current 
continued until the secretion of saliva had ceased or become very slow. 
Stimulation was discontinued and the exhausted gland quickly removed 
and frozen in liquid air. Then the unstimulated gland was removed and 
frozen and both glands were then analyzed. 

The gland chosen for stimulation was alternated from one experiment to 
the next, so that an equal number of right and left glands appears in each 
stimulated, as in each control, series. 

Glycogen was determined by a modified Pfliiger method, as described by 
Smith and Visscher (1930), hydrolysis being carried out with sulfuric acid 
instead of hydrochloric in order to allow the use of the Folin-Wu sugar 
technique. The gland sample was broken up and weighed while still 
frozen, and thawed in the presence of hot 40 per cent KOH. 

Lactic acid was determined by the method of Friedeman, Cotonio, and 
Shaffer (1927) on a Folin-Wu filtrate prepared from the gland as follows: 
The gland, still frozen, was thoroughly pulverized in a mortar cooled with 
liquid air. A sample was weighed and reduced to a paste by grinding with 
10 per cent sodium tungstate as it thawed. Appropriate amounts of water 
and 3 N sulfuric acid were added, and after precipitation was complete, 
precipitate and fluid were thoroughly mixed by further grinding in the 
mortar, and then the mixture was centrifuged and filtered. Approxi- 
mately twice as much tungstate and acid are required for complete precipi- 
tation as for blood, the water being reduced accordingly, to give the usual 
one to ten dilution of the tissue. 

Creatine phosphate was determined by the method of Lohmann (1928). 

Resutts. All the experiments on lactic acid and glycogen changes are 
summarized in table 1. Thirteen experiments were performed in which all 
the nerves to the gland were stimulated and the glands analyzed for glyco- 
gen and lactic acid. 

In every experiment there was a sharp decrease in glycogen in the stimu- 
lated gland compared to the resting one. On the average, there was 41 per 
cent less glycogen in the stimulated gland. 

Of the ten experiments in which lactic acid was determined, none showed 
more lactic acid in the stimulated gland; in the tenth the amounts were 
about equal. In three cases the lactic acid determination was lost. In 
some cases the increase in lactic acid in the stimulated gland as compared 
to the resting was striking; as high as 262 per cent in one case. 

For the percentage decrease of glycogen on stimulation, the standard 
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deviation is 3.60 per cent. This gives a value of 1.04 per cent for the 
standard error. The mean decrease in glycogen, 41.4 per cent, is forty 
times its standard error, and is therefore of undoubted significance. 


TABLE 1 


PER CENT GLYCOGEN LACTIC ACID, MGM. PER CENT BIC CENT! 

METER SALIVA 

tana Stimulated Per cent Control Stimulated Per cent _ BE 
gland decrease gland gland increase EXHAUSTION 


Stimulation of all nerves to gland 


‘horda ty mpani stimulation 


3.9 31 
18.7 : 29 
25.0 42 


16.7 ) 50 
16.1 3: 38 


Sympathetic stimulation 


24 
‘ 


24 


The standard deviation of the lactic acid differences is 38.24 per cent, 
and the standard error of the mean difference is 9.41 per cent. The mean 
difference, 128 per cent, is over thirteen times the standard error. 

It seems certain, therefore, that on stimulation of all the nerves to the 
gland there is a large and genuine decrease in glycogen, accompanied by a 


0 24 0.17 29 2 OS 
0.30 0.18 10.0 16 15 2 26 
0.32 0.15 53.2 20) 
0 34 0.25 26.5 36 130 262 7 
0.24 0.10 58.3 36 0 150 29 
0.26 0.15 12.3 i4 
0 30 0.21 30.0 37 16 
0 30 0.13 56.7 31 93 200 5 
0 32 0.13 59.3 25 73 192 12 
0.32 0.14 56.2 +] 77 SS 25 
0 35 0 24 31.4 20) 10) 100 28 
0.31 0 21 32.3 28 33 1S 29 
0.29 0.22 24.1 27 44 246 5 
Av. 0.30 0.18 1] 4 33 73 128 23 
0.26 0.25 34.8 14 
0 21 13.5 12 
0 36 0.30 6 
0.33 0.28 1S 26 0.3 
0.23 0.11 52.2 53 110 108 1.0 
0 23 0.20 13.0 18 5S 21 03 
0.32 0.21 34.4 25 68 172 0.8 
Av. 0.27 0.20 26.3 34 57 65 0.6 
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somewhat more variable but undoubted increase in lactic acid 
gland was not poisoned in any way, and presumably had an in 


itu 


be either oxidized or removed by the blood. It was therefore considered 


supply, it is to be expected that more or less of the lactic acid formed would 


sufficient that in the majority of cases a significant amount accumulated in 
the gland during stimulation; in those cases where an increase was absent or 
relatively slight, it is presumed that the processes of removal and oxidation 
were able to keep up with formation. 

As noted above, Himwich and Adams found no consistent changes in 
lactic acid content on chorda stimulation. This type of stimulation was 
employed in four experiments. The rate of secretion evoked is smaller, 
and the chemical differences noted are also less. The standard deviation 
of the percentage decreases in glycogen is 3.83 per cent, the standard error 
2.21 per cent. For the percentage increases in lactic acid, the standard 
deviation is 5.53 per cent, the standard error is 3.19 percent. The glycogen 
decreased seven times the standard error, the lactie acid increased five times 
the standard error. Compared with the previous series the differences are 
only 15 per cent as great in lactic acid, and 40 per cent in glycogen changes. 
The great vasodilatation caused by chorda tympani stimulation may wash 
away more of the liberated lactie acid. The greater relative change in 
glycogen is in harmony with this view, and there seems no reason to doubt 


that qualitatively, at least, chorda stimulation causes the same type of 


carbohydrate changes as does the other type of stimulation. 

Since the stimulation of the chorda alone produced changes strikingly 
smaller than those given by stimulation of all the nerves to the gland, it was 
decided to perform some experiments with sympathetic stimulation. The 
electrodes were applied to the sympathetic trunk where it leaves the vagus 
high in the neck. Such stimulation gives greater changes in glycogen and 
lactie acid than does chorda stimulation, but qualitatively the results are 
the same. The changes are significant: the standard deviation of the 
glycogen decreases is 6.74 per cent, the standard error 3.37 per cent, and 
the average decrease, 26.3 per cent, is nearly eight times the standard error 
The standard deviation of the lactic acid increases is 28.80 per cent, the 
standard error 14.40 per cent, and the average increase, 65 per cent, is 
four and a half times the standard error. 

The next series of experiments concerned the creatine phosphate content 
of the glands. Preliminary experiments showed that, in contrast to the 
glycogen and lactie acid content, there is likely to be some variability in 
the amount of creatine phosphate present in pairs of glands from the same 
animal. Therefore a control series of some length, in which neither gland 
was stimulated, was run. The average of sixteen pairs of glands showed 
that, in spite of a certain number which contained different amounts in the 
right and left gland, the average creatine phosphate content of the right 
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submaxillary gland is equal to that of the left—an average of 3.7 mgm. of 
creatine phosphate (as P) per 100 grams of gland. The standard error is 
1.42 per cent, or 0.05 mgm. 

Thus, in spite of some random variability in creatine phosphate content 
of paired glands as used in these experiments, the effects of stimulation of 
the gland can be determined if the differences produced are regular and 
large. 

Nine experiments were performed in which one gland was stimulated to 
exhaustion, all nerves to the gland being excited. There was a marked 
decrease in creatine phosphate phosphorus in each of the stimulated glands. 
The results are given in table 2. 

The standard deviation of the percentage decreases is 8.38 per cent, the 
standard error 2.96 per cent. The average decrease in creatine phosphate 
(as P), 63.4 per cent, is twenty-one times the standard error. 


TABLE 2 


Creatine phosphate content of stimulated and control glands, as P 


Discussion. The results clearly show that the submaxillary gland 
obtains energy for its secretory mechanisms from the same sources as does 
striated muscle in contraction. Creatine phosphate is broken down, 
glycogen decreases as lactic acid accumulates. 

In order to accomplish proportionate chemical changes a more pro- 
longed stimulation of the gland is necessary than is the case with isolated 
muscles. Recovery processes, in the presence of adequate blood supply, 
are apparently almost able to keep up with catabolic events. Stimulation 
of the chorda tympani alone produces the slightest changes of the whole 
series, which is probably the reason that Himwich and Adams (1930) 
failed to find a significant increase in lactic acid, and that Bergonzi and 
Boleato (1931) were unable to detect any breakdown of glycogen. These 
investigators stimulated the chorda tympani. 

It is rather surprising that sympathetic secretion should prove to be so 
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“expensive” as to glycogen usage; the production of less than one cubic 


centimeter of sympathetic saliva gave a somewhat larger decrease in 
glycogen than did the secretion of around 10 cc. of saliva from chord: 
tympani stimulation. This is possibly due to the fact that during sympa- 
thetic stimulation the gland is working with a diminished blood supply, 
which would interfere to some extent with recovery processes; while during 
chorda tympani stimulation, there is an increased blood supply, and an 
opposite effect on recovery. 


a 


The breakdown of creatine phosphate during stimulation of the gland is 
in accord with the findings of Bergonzi (1931) that phosphoric acid is 
liberated into the blood by the stimulated gland, and with the observations 
of Ferrari and Hoéber (1933) that monoiodoacetic acid increased this pro- 
duction of phosphoric acid. 


SUMMARY AND CONCLUSIONS 


1. Simultaneous stimulation of sympathetic and parasympathetic nerves 
to the submaxillary gland of the dog causes a decrease in the glycogen, an 
increase in the lactic acid, and a decrease in the creatine phosphate in the 
gland. 

2. The average decrease in glycogen due to exhaustive stimulation of this 
type is 41.4 per cent; the average increase in lactic acid is 128 per cent; the 
average decrease in creatine phosphate phosphorus is 63.4 per cent. 

3. Exhaustive stimulation of only the parasympathetic nerves to the 
gland causes an average decrease in glycogen of 16.1 per cent, and an aver- 
age increase in lactic acid of 16.1 percent. These changes are much smaller 
than those from simultaneous stimulation of all nerves to the gland. 

4. Exhaustive stimulation of only the sympathetic nerves to the gland 
causes an average decrease in glycogen of 26.3 per cent, and an average 
increase in lactic acid of 65 per cent. These changes are intermediate in 
magnitude between those produced by stimulation of all the nerves and by 
stimulation of the parasympathetics alone. 

5. The lesser changes during parasympathetic than sympathetic stimu- 
lation may be due to vasodilatation during the former, and a consequent 
increase in the rate at which recovery processes involving oxidation can 
occur. The secretion of sympathetic saliva is probably only apparently 
more “expensive,’’ and seems to be so because of vasoconstriction during 
sympathetic stimulation interfering with recovery processes. 

6. Since the breakdown of creatine phosphate and glycogen, with a 
simultaneous accumulation of lactic acid, are found to occur during salivary 
secretion as well as during muscular contraction, it is suggested that the 
creatine phosphate-glycogen mechanism may be a rather general one for 
the release of energy in various tissues where work is done. 


DAVID NORTHUP 
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Previous experiments have shown that the minimal rates of intrave- 
nously injected epinephrine which cause hyperglycemia are 0.0015 mgm. 
per kilo per hour in man, 0.003 in rabbits and 0.012 in rats (1). These 
rates of injection are smaller than those required to increase blood pressure 
Similar figures have not so far been established for dogs and cats. Accord- 
ing to data published recently by Soskin, Priest and Schutz (2), dogs would 


appear to be particularly insensitive to epinephrine, since a rate of injection 


of 0.06 mgm. per kilo per hour produced hardly any hyperglycemia. Such 
a rate of injection is generally pressor, so that the dog would also differ 
from the species mentioned above in that a larger dose of epinephrine is 
required to give a blood sugar than a blood pressure response. These 
considerations made it desirable to investigate the action of epinephrine in 
carnivorous animals. The exchange of sugar, lactic acid and water be- 
tween blood and the tissues of the leg was determined by analysing arterial] 
and venous blood for these constituents, and blood flow was recorded in 
muscle or in the whole leg. The data permitted a critical examination of 
the significance of the arterio-venous blood sugar difference as a measure of 
sugar utilization by the tissues. 

EXPERIMENTAL. Cats and dogs after a fasting period of 18 hours, were 
anesthetized by an intraperitoneal injection of amytal or nembutal.  Dur- 
ing the experiment additional doses of these drugs were injected as needed 
so as to maintain an even anesthesia. Body temperature was kept «as 
constant as possible by heating pads. In some experiments performed in 
the summer months it was necessary to cool the animal by an electrie fan 
in order to prevent a rise in body temperature. 

Blood pressure was recorded in the carotid artery by means of a mercury 
manometer. Epinephrine was injected intravenously at a constant rate. 
A ratchet operated by a suction pump and provided with suitable electric 
contacts was timed by a Bowditch clock, the ratchet pushing the plunger 
of a 50 ce. syringe each time the clock made an electrie contact. Each 
contact was recorded on the smoked drum by means of a signal magnet. 
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Generally 20 cc. of the epinephrine solution were injected per hour. The 
latter was prepared (from the 1:1000 Parke-Davis and Co. stock solution 
by means of physiological salt solution) shortly before needed and was 
protected against inactivation in vitro by addition of 2 cc. of serum or of 
20 mgm. of glutathione per 100 cc. of solution. In 2 experiments 20 mgm. 
of alanine per 100 ce. was added as anti-oxidant. 

The thermo-electric device described by Gibbs (3) was used as an index 
of the rate of blood flow. This consists of a constantan-iron thermocouple 
which may be inserted in a muscle or placed in the sheath of the femoral 
vessels. .One junction is heated electrically to a temperature about 2° 
above that of the animal. The thermocouple is connected to a galva- 
nometer' which records the changes in E.M.F. produced by the flow of 
blood past the heated junction. An in vitro calibration serves to establish 
the relation between rate of flow and the deflection of the galvanometer. 
During the experiment the spot of light on the galvanometer scale is fol- 
lowed by a pointer which transmits the movements, magnified about 2.5 
times, toa smoked drum. Since a difference in temperature of 1°C. be- 
tween the two junctions corresponded to 50 microvolts or to a deflection of 
33 mm., a change in temperature of 0.02° could be measured. 

Fluctuations in the temperature of the animal are compensated because 
both junctions are located in close proximity (about 1 cm. apart) in the 
same tissue. After the two junctions had been placed in the tissue and 
before heat was applied to one junction, it was ascertained whether or not 
the two junctions were at the same temperature. If this was not the case, 
the position of one junction was changed until equal or nearly equal temper- 
ature was obtained. 

Control experiments consisted in testing the thermocouple with the heat- 
ing current alternately turned on and off. Procedures which were known 
to lead to a change in blood flow, while causing a deflection of the galva- 
nometer with the heat turned on, had no effect with the heat turned off. 
In several experiments, in order to test the sensitivity of the blood flow 
recorder, the thermocouple was placed alongside the femoral vessels in the 
groin and the saphenous vein was clamped or blood was withdrawn from it 
at varying rates. Thus clamping the saphenous gave a deflection of the 
galvanometer corresponding to 9.5 microvolts, withdrawing blood at 13 ce. 
per minute to 2.6 and at 6 ec. per minute to 1.5 microvolts, so that with a 
rate of blood flow of 40 cc. per minute through the leg, a change in blood 
flow of 10 per cent could be detected. 

Blood was withdrawn trom an artery (brachial or carotid) and from the 
unobstructed femoral vein as nearly simultaneously as possible (within 1 

1 The galvanometer (type R of Leeds and Northrop) had an internal resistance of 
561 ohms, a period of 3.3 seconds and gave a deflection of 1 mm. at a distance of 1 


meter per 1.5 microvolts. A potentiometer served as a measuring instrument and as 
a means of locating the spot of light on the galvanometer scale. 
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minute). The plasma was separated by centrifugation in capped tubes. 
When oxalate was used as an anticoagulant, care was taken to use equal 
amounts for the arterial and venous blood, so as to equalize the small 
water shifts between corpuscles and plasma which are apt to occur. Ina 
number of experiments heparinized plasma was used and in others oxalated 
whole blood was analyzed, with no apparent difference in results. One 
cubic centimeter of plasma or whole blood was precipitated with copper 
sulfate and sodium tungstate (Somogyi, 4) and analyzed in duplicate by 
means of the Shaffer-Somogyi (5) reagent containing 1 gram KI. The 
glassware used was carefully standardized. The titration differences of 
duplicates were generaily less than 0.02 ec. of 0.005 N thiosulfate. One- 
half cubic centimeter of plasma or whole blood was measured with an 
Ostwald pipette and placed in a tared weighing bottle containing a fluted 
filter cone. The difference in weight before and after drying to constant 
weight at 105° gave the water content of the sample. Lactic acid was 
analyzed by means of the apparatus described by Wendel (6). 

Changes in blood flow. In unanesthetized rabbits it is possible to increase 
blood sugar and blood lactic acid with rates of injection of epinephrine 5 
of those required to raise blood pressure (7). It was soon found that in 
amytalized dogs and cats the minimal pressor and minimal hyperglycemic 
rates of injection are not so far apart as in the rabbit. It seemed inadvis- 
able, therefore, to rely on blood pressure alone and it was necessary to 
determine blood flow as well. 

A number of experiments (some of which are shown in figs. 1 and 2) were 
performed with varying rates of injection in order to find out what changes 
in blood flow in muscle and in the whole leg might be expected under these 
conditions. In figure 1 a with no heat applied to the junction (this being 
the control procedure mentioned earlier) and with a rate of injection pro- 
ducing a slight rise in blood pressure, the galvanometer showed a slow drift 
such as one observes without injection. Immediately afterwards heat was 
applied to one junction and after temperature equilibrium had been estab- 
lished, the spot of light was moved to a convenient point on the galva- 
nometer scale. In figure 1 b, first record, the same rate of injection 
(0.00025 mgm. per kilo per minute, which was without effect with the heat 
turned off) now produced a deflection of the galvanometer in the direction 
of increased blood flow with a return towards the base line after the injec- 
tion. One-half of the preceding. rate caused a smaller increase in blood 
flow, while one-fourth the rate of injection (0.00006 mgm. per kilo per minute) 
no longer had a detectable effect on blood flow through muscles, a rate 
which would have been suitable for a study of the effects of epinephrine on 
carbohydrate metabolism.? In figure 1 c, a pressor rate of injection 

2 No blood sugar determinations were done in this animal, so that it is impossible 


to say whether or not it would have responded to this rate of injection. In other 
animals which were tested in a similar manner before proceeding with the blood sugar 
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produced a very marked increase in blood flow.’ Incidentally, this and 
double this rate of injection were chosen by Soskin et al. in their experi- 
ments. Figure 1 d shows again a control procedure with the heat turned 
off; the injection did not produce a deflection of the galvanometer. 

In the experiments in figure 2 a and b the thermocouple was placed 
alternately in a muscle and alongside the femoral vessels of a cat and with 
the same rate of injection of epinephrine an increased blood flow was 
observed in the former and a decreased blood flow in the latter case. In 
figure 2 ec and d larger doses of epinephrine produced correspondingly 
larger effects, these being again opposite in muscle and in the whole leg. 
The explanation for these findings lies in the fact that a large proportion 
(perhaps 50 per cent) of the blood carried by the femoral vein of a resting 
leg comes from structures other than muscle (skin, bone marrow, ete.), so 
that the vasodilatation produced in muscle by injection of epinephrine is 
more than compensated for by the vasoconstriction occurring in the other 
structures of the leg, particularly the skin. This interpretation is in accord 
with data recorded in the literature. Thus, Gruber (8), measuring the 
outflow of blood from a muscle vein of a cat, noted that small doses of 
epinephrine caused an increased blood flow through muscle, while Hoskins, 
Gunning and Berry (9) showed that simultaneously with the vasodilatation 
in muscle, the skin vessels are constricted by injection of epinephrine. 

Since blood for analysis was drawn from the femoral vein, blood flow was 
determined through the whole leg rather than through some individual 
muscle. Consequently, in the experiment in figure 3, a continuous record 
was taken with the thermocouple placed alongside the femoral vessels and 
a dose of epinephrine was injected which produced little, if any, change in 
blood flow during a trial injection (fig. 3, a) and during the subsequent 2 
hours of injection (fig. 3, b toe). Blood was drawn at the times indicated 
and it may be seen that no change in blood flow occurred during the 
sampling of the blood. At the termination of the experiment when the 
animal was still in excellent condition, double the rate of injection used 
during the experiment produced a rise in blood pressure and a decrease in 
blood flow through the leg corresponding to 4.5 microvolts, an indication 
that the blood flow recorder had not lost its sensitivity and that the epi- 
nephrine solution was still active. Vinally the saphenous vein was clamped, 


determinations, it was zenerally possible to inject epinephrine at a rate of 0.00025 
mgm. per kilo per minute without producing any change in blood flow. Such rates 
invariably caused hyperglycemia. 

3It should be noted that the time relations between blood pressure and blood 
flow are somewhat distorted owing to the fact that the lever recording blood flow 
writes along an arc. 

‘For the purpose of reproduction only the salient points of the record could be 
shown. In figure 3, b a shift in the zero point of the galvanometer occurred, the 
magnitude of which is indicated by the oblique line below the blood flow record. 
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which produced a deflection of the galvanometer corresponding to 10.5 
microvolts and blood was drawn from the saphenous vein at a rate of 6.5 
ec. per minute, which produced a deflection of 1.5 microvolts. The condi- 
tions of the experiment were such that a change in blood flow of 10 to 15 
per cent could have been detected; the record shows that changes of this 
magnitude did not occur during the injection of epinephrine. 

In a number of other experiments on dogs in which a continuous record 
was taken, the changes in blood flow, if any, were equally small. Blood 
flow was not measured in the experiments on cats. Unfortunately, there 
is a considerable individual variation in the hemodynamic response of cats 
and dogs under barbiturate anesthesia to injected epinephrine; some 
animals were extremely sensitive, so that they could not be used in these 
experiments. This variability is probably due to the anesthetic rather 
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Fig. 2. Cat. Same arrangement as figure 1. Effect of intravenous injection of 
epinephrine on blood flow in muscle and in the whole leg. 

aandec. Blood flow record from adductor muscle. 

bande. Blood flow record from femoral vessels. 


than to an inherent peculiarity of the species. It was noted previously (7) 
that the blood pressure of rabbits anesthetized with amytal responded to 
smaller doses of epinephrine than that of unanesthetized rabbits. 
Destruction of epinephrine in vitro. The rapid destruction of dilute 
epinephrine solutions, such as are used for prolonged intravenous injection, 
is a well-known phenomenon. It has been studied, to mention only two 
recent papers, by Wiltshire (10) and by Welch (11). The former author 
showed that at pH 7.4 most of the activity of an epinephrine solution of 
1:10°, as measured on isolated intestinal loops, is lost in 1 minute unless 
the solution is protected by serum or by certain amino acids. Welch, who 
measured the O2 consumption of epinephrine solutions in the Warburg 
apparatus, confirmed the observation of Wiltshire that amino acids protect 
dilute epinephrine solutions against oxidation. He also showed that 
sulfhydril compounds are particularly effective as anti-oxidants. We have 
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made use of this observation and have added, in recent experiments, small 
amounts of glutathione to our epinephrine solutions instead of serum or 
amino acids which were used previously. 

It is a relatively simple matter to find out whether or not a destruction of 
epinephrine occurs during a prolonged intravenous injection. It is merely 
necessary to determine, at the end of the experiment, the minimal rate of 
injection which will raise blood pressure and then to prepare a fresh epi- 
nephrine solution and test it for its minimal pressor rate. Such tests have 
been carried out in a number of the experiments reported in this paper. 

That such tests are necessary is illustrated by some observations made 
several years ago. In a device for slow injection, consisting merely of a 
burette, a short piece of ordinary red rubber tubing and an injection needle, 
the epinephrine sclution reaching the animal was completely inactivated. 
Similarly, injections given with a Woodyatt pump caused an almost com- 
plete inactivation of the epinephrine solution. In the former case the loss 
of activity was caused by substances contained in the rubber tubing, 
because when a piece of urinary catheter tubing was substituted, no inacti- 
vation occurred. In the latter case traces of heavy metal given off by the 
pump were probably responsible for the destruction, since heavy metals are 
known to catalyze the oxidation of epinephrine. Hence, it is advisable to 
use glass distilled water for the preparation of the epinephrine solutions 
and to keep the pH at about 6. When proper precautions are used, dilute 
epinephrine solutions may remain fairly stable even if not protected by 
anti-oxidants. Since so many factors enter into the inactivation of 
epinephrine, it is impossible to say without carrying out adequate tests, 
whether or not inactivation occurred with a given piece of injection appara- 
tus. These facts are mentioned here because there are experiments 
reported in the literature in which dilute epinephrine solutions were in- 
jected continuously for 24 hours without protection of the solutions against 
oxidation and without control of the activity of the epinephrine solution at 
the end of the injection period. 

The experiments of Soskin et al. afford an example of inactivation of 
epinephrine in vitro. In their experiment 54, the blood sugar values (in 
milligrams per cent) in the femoral vein during injection of epinephrine at a 
rate of 0.06 mgm. per kilo per hour were: 15 minutes, 104; 30 minutes, 
105; 70 minutes, 88; 100 minutes, 76; 130 minutes, 81; 160 minutes, 72. 
With one-half of this rate of injection we observed a rise in blood sugar to 
330 mgm. per cent (see dog 1, table 1). In two other experiments (no. 58 
and fig. 3) Soskin et al. doubled the rate of injection and secured a maximal 
rise in blood sugar in the femoral vein of 27 and 80 mgm. per cent respec- 


6 A comparison of epinephrine solutions protected with the animals’ own serum 
and of solutions containing ciutathione as anti-oxidant has not shown a greater 
activity of the latter solution as regards blood sugar and blood pressure response. 
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tively, as compared to rises of 89, 66, 31 and 88 mgm. per cent in our experi- 
ments in table 1 with } the rate of injection. The differences in the effec- 
tive rates of injection of epinephrine are so large that individual variations 
in the hyperglycemic response of the dog cannot be held responsible. In 
two further experiments (figs. 2 and 4) of these authors, in which an epi- 
nephrine injection at the above high rate was superimposed upon a glucose 


injection, there was no apparent effect on the slope of the venous blood 
sugar curve. It appears then that with the exception of one or perhaps 
two experiments, there was practically no epinephrine activity left. We 
believe, therefore, that various effects which these authors ascribe to the 
injection of epinephrine, were due to other causes. The decline in blood 
flow to extremely low values in each experiment, the large and sudden 
changes in the hydration of blood and cases where venous blood contained 
up to 60 mgm. per cent more sugar than arterial blood, suggest that the 
methods used were not adequately controlled. 

Changes in arterial and venous plasma sugar and hydration of blood. The 
plasma sugar® curves during constant intravenous injection of epinephrine 
in dogs and cats (tables 1 and 2) show a rapid initial rise, followed by a 
plateau which is maintained for 2 to 3 hours, i.e., as long as epinephrine is 
being administered. The height to which the plasma sugar curve rises 
before it levels off? depends on the rate of injection. Thus in dog 1, table 
1, 0.03 mgm. of epinephrine per kilo per hour gave a plasma sugar level 
around 300 mgm. per cent, while in the other dogs receiving one-half this 
rate of injection the plasma sugar was maintained at 140 to 200 mgm. per 
cent. For an equal dose per kilo, cats show a much greater rise in plasma 
sugar than dogs. The sensitivity of cats approaches that of man and 
rabbits, 0.003 mgm. per kilo per hour being about the minimal rate at which 
a blood sugar response is obtained. 

If the arterio-venous difference is to be used as an index of sugar utiliza- 
tion in the tissues, rapid changes in the glycemic level prior to the sampling 
of the blood have to be avoided, for the following reasons. It has been 
shown (12) that an increase in the plasma sugar concentration is accompa- 
nied by a corresponding increase in the sugar concentration of muscle and 
vice versa, so that the distribution ratio remains approximately the same at 
different plasma sugar levels. Hence, during a rapid rise in blood sugar 
there occurs a diffusion of sugar into the tissues and during a rapid fall 
sugar may actually be given off by the skin which contains about the same 
sugar concentration as plasma (Folin et al., 13). The arterio-venous differ- 


6 It seemed preferable to determine sugar in plasma rather than in whole blood 
because in dog and cat blood most of the sugar is present in the plasma and because 
the exchange of sugar takes place between plasma and tissues. 

7In rabbits, during constant intravenous injection of epinephrine, the blood 
sugar curve shows much less tendency to level off than in dogs and cats. 
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TABLE 1 
Effect of epinephrine and insulin on plasma sugar in artery and femoral vein of dogs 
Dog 1 received 0.03, the others 0.015 mgm. of epinephrine per kilo per hour. A 
continuous blood flow and blood pressure record was taken in dogs 3, 4 and 5 (cf. fig. 
3 for dog 3). All values are given in milligrams per 100 cc. A = arterial, V = 
venous, D = difference between venous and arterial plasma. 


1 poG 2 3 poa 4 5 
| PLASMA SUGAR | PLASMA SUGAR PLASMA SUGAR PLASMA SUGAR PLASMA SUGAR 
Before injection 
60 111) —1) 131| 130) 143) 138, —5) 110) 108) —2) 116) 115) —1 
2 | 112) 113) +1) 124) 122 —2| 139) 137) —2) 109; 107) —2) 141) 136) —5 
During injection of epinephrine 
143) 137) —6 204 203, 
60 | 319) 318) —1) 184) 185; +1) 212) 203) 138) 231] 224) —7 
90 331) 328; —3/ 209) 211; +2) 194) 189) —5) 132) 182) +0) 230) 221) —9 
120 333, —4) 199 179) 173) —6 222) —2 
180 322) —2| 196) 192) —4 
After insulin 
20 | 114; 89) —25) 149} 133) —16 167) 155) —12 


40 | | | 58} 43} 95] 85) —10 


TABLE 2 
Effect of epinephrine and insulin on plasma sugar in artery and femoral vein of cats 
Cat 1 received 0.03, cats 2 and 3 0.015 and cat 4 0.006 mgm. of epinephrine per kilo 
per hour. Blood pressure was recorded. All values are given in milligrams per 100 
ec. A = arterial, V = venous, D = difference between venous and arterial plasma. 


| caT | cat 2 | cat 3 cat4 
| PLASMA SUGAR PLASMA SUGAR | PLASMA SUGAR PLASMA SUGAR 
Before injection 
60 | 98| 9 | -—3|117| 102| 96| —6| 186 | 182) —4 
2 | 92) 89 | —3 | 139 | 132) —7 | 107 | 100) —7 | 197 | 191 | —6 
During injection of epinephrine 
60 | 461 | 451 | —10 | 289 | 282} -7 | 440 | 432 | —8 | 292 | 289 | —3 
9 | | | 437 | 433 | —4 | 295 | 297] +2 
120 465 | 462 | | 277 | 273 | -4 | (309 | 304 | —5 
After insulin 
30. | 169 | 158 | —11 | 293 | 282 | —11 


60 55 | 47\ —8 | 282 | 193 | —14 | 230/223) -7 
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ence, when determined during a period of rapid fluctuation in blood sugar 
has therefore little meaning in terms of actual sugar utilization in the tis- 
sues, a point which has not received sufficient attention. The experiments 
here reported are free of this objection because most of the measurements 
of the arterio-venous difference during injection of epinephrine fall in a 
period of evenly maintained hyperglycemia. 

Dog 1, table 1, received epinephrine at a rate which produced a rise in 
blood pressure of 10 mm. Hg. In such a case one finds a decrease in the 
blood flow through the leg, so that the sugar uptake is actually smaller 
than is indicated by the arterio-venous differences. Blood flow was not 
measured in dog 2, however epinephrine was given at a rate which changed 
blood flow only slightly in dogs 3, 4 and 5. In 5 out of 18 measure- 
ments during injection of epinephrine the arterio-venous difference ex- 
ceeded the maximum difference found before the injection. On an average 
the differences in table 1 were 2 mgm. per 100 cc. for the two periods before 
injection and 3.5, 4, 3, 4 and 3 mgm. per 100 cc. for the 30, 60, 90, 120 and 
180 minute intervals during the injections of epinephrine. In experiments 
on rabbits (14) it was found that the arterio-venous differences were much 
larger when the same degree of hyperglycemia was produced by injection 
of glucose instead of epinephrine. 

The results obtained on cats (table 2) were similar to those found on 
dogs. In the first 3 experiments epinephrine was injected at rates which 
increased blood pressure and which would therefore lead to a decreased 
blood flow through the leg. The rate of injection in cat 4 was one-half that 
required to give a minimal rise in blood pressure. In some of the experi- 
ments on dogs and cats insulin was injected at the end of the epinephrine 
period ; the decrease in plasma sugar was accompanied by an increase in the 
arterio-venous difference. 

Experiments on rabbits (14) have shown that the tissues of the leg add 
an increased amount of lactic acid to the blood when epinephrine is in- 
jected. In the experiments in table 3 sugar uptake and lactic acid produc- 
tion were measured simultaneously (by analyzing arterial and venous 
blood of the leg for these constituents) and at the same time a continuous 
blood flow record was taken with the thermocouple inserted in the gas- 
trocnemius. In both cases there occurred a slight increase in blood flow 
through muscle during the injection of epinephrine with a prompt return 
to the original blood flow when the injection was discontinued. These 
experiments show that the increased rate of lactic acid formation during 
epinephrine injection is not due to vasoconstriction produced by epineph- 
rine in muscle. 

Only small differences in the water content of arterial and venous plasma 
were encountered (see table 4). Corrections for the difference in water 
content were not applied, because in the majority of cases such corrections 
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would have changed the plasma sugar less than 1 per cent. Furthermore, 
it is unlikely that the exchange of fluid between blood and tissues involves 
water only. The dilution or concentration of blood during its passage 
through the tissues must be due in part to an in- and outflow of fluid con- 
taining sugar. The fact that the sugar concentration in blood plasma and 
lymph is of similar magnitude and shows parallel changes after insulin and 
epinephrine injections is in line with this point of view. We are there- 
fore inclined to question the statement of Soskin et al. that the arterio- 


TABLE 3 


Comparison of the effects of epinephrine on arterio-venous blood sugar and blood lactic 
acid in dogs 
Epinephrine was injected at a rate of 0.015 mgm. per kilo per hour. A continuous 
blood flow and blood pressure record was taken in both cases. Whole blood was 
analyzed. All values are given in milligrams per 100 cc. A = arterial, V = venous, 
D = difference between venous and arterial blood. 


DOG 6 | 7 


MINUTES Blood sugar Blood lactic acid Blood sugar Blood lactic acid 


A Vv > | & Vv D A V D A \ D 


Before injection 
60 91; -83 
105 | 22 23 | +1 80 | 77 | —3| 20 | 21 +1 


During injection of epinephrine 


20 165 | 156 —9 | 26 | 29 +3 96 | 92 —4]| 35 41 +6 


30 100 97 —3 | 43 47 +4 
40 180 | 174 —6 | 28 | 32 +4 103 101 —2| 48 53 +5 


60 178 170 “8 | 3. 35 +4 | 107 104 —3 | 53 60 +7 


After insulin 


20 154 | 143 | —11 83 70 | —13 | 40 | 40 +0 


venous blood sugar differences are not valid unless corrected for by the 
differences in hydration of arterial and venous blood. 

Discussion. The present experiments may be regarded as a critical 
examination of the value of the arterio-venous difference as a measure of 
sugar uptake in the tissues of the leg. The blood as drawn from the 
femoral vein contains not only blood from muscle, but also a large propor- 
tion of blood coming from the skin and other tissues. Furthermore, the 
skin and muscle vessels are influenced in an opposite direction by epineph- 
rine; while the former are constricted by a given rate of injection, the 
latter are dilated, the net result being a decrease in the blood flow through 
the leg. 


| 
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Even if changes in blood flow are avoided by suitable rates 
of epinephrine, there remains the large error involved in the determu: 
of the arterio-venous difference. Taking an example from the protocols, 
in dog 3, table 1, the first pair of plasma sugars showed 143 in the artery 


and 138 in the vein, a difference of 5 mgm. percent. Assuming that under 
optimal conditions the error involved in the analysis of 1 ce. of plasma with 


the Shaffer-Somogyi 1 gram KI reagent is +1 mgm. per cent, then a differ- 
ence of 144 — 137 = 7 or of 142 139 = 3 mgm. per cent might alse 
been found. With a blood flow of 40 ee. per minute through the leg, the 


TABLE 4 
Effect of epinephrine and insulin on water content of arte and venous p 


All values are given in percent. A = arterial, \ venous plasma. TI} 


tive plasma sugar values are given in tables 1 and 2 


bog | 3* aT cat 2 4 
MINUTES HO Content Content H«) Content Content Content Hare 


A \ \ \ \ \ \ \ \ \ \ 


Before injection 


60 9] .37| 91 .37'/92.13; 92.12 
92.65 92.5091 80 91.7991 52 91.4592 21 92 2693 06 93.0893 02 92 


During injection of epinephrine 


60 92.73 92.7191.90 91.9692 24 92.1092 24 92 2092.93 92 8792 74 92 55 

120 =. 93.40 93.3092 22 92 2292.05 92 2092 24 92 31 92 96 92 92 
After insulin 

30 92.10 92 09 

40 92.32 92.29 

60 92.15 92.1392.78 92.66 


* Heparin plasma. 


respectively. It seems obvious that in view of this large error little can be 
gained by a calculation of the sugar uptake of the leg by means of blood 
flow figures, however accurately the latter may have been determined 
The best that can be hoped for is that the anterio-venous difference may 
be a qualitative index of the amount of sugar taken up by the tissues 
Since this method of determining sugar utilization in the tissues has found 
wide clinical application, it is of some importance to know whether it 
accomplishes its purpose. 

Procedures which are known to increase the rate of glycogen deposition 
in muscle such as glucose or insulin injection, or a combination of both 
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sugar retention in the 3 cases would be 120, 16S, and 72 mg er | I 


66 C. F. CORI, R. E. FISHER AND G. T. CORI 


are generally accompanied by an increase in the arterio-venous difference 
of the leg. During epinephrine hyperglycemia, on the other hand, the 
arterio-venous differences do not become so large as during a comparable 
degree of hyperglycemia produced by glucose injections. This has been 
used as an argument for the assumption that blood sugar utilization in the 
tissues (i.e., glycogen formation and oxidation) does not increase during 
epinephrine injection. If this argument were based entirely on measure- 
ments of arterio-venous differences, one might question its validity. The 
writers have regarded such measurements merely as a corroborative piece 
of information. There is actually direct evidence available that the rate 
of glycogen deposition in muscle and oxidation of injected glucose is de- 
creased during epinephrine action, insulin and epinephrine being antag- 
onists in this respect.* 

There is still another factor which has to be considered in conjunction 
with the sustained rise in blood sugar during epinephrine injection. There 
is agreement that during the initial period of epinephrine action liver 
glycogen is broken down at a rate more rapid than normal and that the 
blood sugar rises to a new level which represents a balance between sugar 
production in the liver and utilization of sugar in the tissues plus kidney 
excretion, if any. At about this time, however, the liver glycogen has 
fallen to a low level, while the hyperglycemia continues as before, so that 
it becomes necessary to assume that the liver is forming sugar from sources 
other than the preéxisting glycogen stores. One of these sources has been 
found to be the lactic acid leaving the muscles, which is transformed to 
carbohydrate in the liver. 

The question is whether enough lactic acid is transformed in the liver 
to explain the maintenance of a high blood sugar level. The transforma- 
tion is certainly not rapid enough in normal animals, because injections of 
large amounts of lactic acid produce only a moderate hyperglycemia, but 
it might be of sufficient magnitude in animals injected with epinephrine in 


which glucose oxidation and storage of muscle glycogen occur less rapidly 


than normal. 

ixact measurements of the transformation of lactic acid (and other 
metabolites) to glucose have not been reported, but the rate of glucose 
utilization in animals injected with epinephrine has been determined. Col- 
well and Bright (17) found that sugar uptake in the tissues was suppressed 
completely after 6 hours of intravenous injection of glucose plus epineph- 


’ Under certain conditions, for instance in rats in the post-absorptive state, 
epinephrine has been found to increase carbohydrate oxidation (15); a carbohydrate 
balance showed that this increased oxidation occurred at the expense of pre- 
existing muscle glycogen and not of blood glucose. The increased carbohydrate 
oxidation observed by Dill et al. (16) in exercising dogs injected with epinephrine, 
is probably of the same nature 
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rine, the injected sugar appearing quantitatively in the urine 
have confirmed the observation of Colwell and Bright, though 
pointed out that one is dealing with a combined effect of amytal : 

and epinephrine (18). According to Soskin et al., however, 

uptake in the tissues of the leg, as measured by the arterio-venous diff 
ence, is not diminished during a period of time during which Colwell : 
Bright found complete excretion of the injected sugar in the urine 
respiratory quotients maintained at the fat-protein level. Soskin et al 
assume, therefore, that the sugar excretion in the urine and the respiratory 
quotient bear no necessary relationship to the amount of sugar utilized in 
the tissues, the idea being that in addition to the injected sugar new carbo- 
hydrate is formed in the liver, presumably from fatty acids. It seems to 
the writers that the experiments published by these authors do not war- 
rant these conclusions for the reasons which have been mentioned earlier 
in this paper. 

The idea that epinephrine injection causes a transformation of fatty 
acids to carbohydrate has come up once before in conjunction with the 
effect of epinephrine on sugar excretion in diabetic dogs. Those who 
subscribe to this idea will be inclined to locate the hyperglycemic action of 
epinephrine entirely in the liver, while those who believe that such a trans- 
formation does not occur to a measurable extent in the mammalian organ- 
ism, deny the possibility that overproduction alone can explain the main- 
tenance of a high blood sugar level during epinephrine injection. Though 
the experiments reported in this paper are in line with those of Colwell and 
Bright, they do not settle the problem, because it has so far not been 
possible to inhibit glucose utilization by means of epinephrine injections in 


ill 


liverless animals. 


SUMMARY 


1. It has been shown that it is important to protect dilute epinephrine 
solutions against destruction in vitro by addition of anti-oxidants. With 
such protected epinephrine solutions a rate of intravenous injection of 
0.015 and of 0.003 mgm. per kilo per hour produced hyperglycemia in 
amytalized dogs and cats, respectively. 

2. The use of a blood flow recorder made it possible to find rates of 
injection of epinephrine which increased plasma sugar and lactie acid 
without changing significantly the blood flow through muscle or through 


the whole leg. Rates of injection somewhat larger than those required to 


increase blood sugar caused an increased blood flow through muscle and a 
decreased blood flow through the whole leg, this being attributed to the 
fact that vasoconstriction of skin vessels more than compensates for the 
vasodilatation occurring in muscle. 


3. The arterio-venous plasma sugar difference was determined in dogs 


6S Cc. F. CORI, R. E. FISHER AND G. T. CORI 


during a period of evenly maintained hyperglycemia, epinephrine being 
injected at a constant rate. The average difference which was 2 mgm. per 
cent before the injection, varied between 3 and 4 mgm. per cent during 
the injection of epinephrine. Insulin injected at the termination of the 
epinephrine period resulted in differences of 10 to 25 mgm. per cent. Simi- 
lar results were obtained on amytalized cats, except that this species 
responded, for an equal dose per kilo, with a much greater rise in plasma 
sugar than did dogs. It was not found necessary to correct the plasma 
sugar values for changes in the hydration of the blood during its passage 
through the tissues of the leg. 

4. The significance of the arterio-venous difference as a measure of sugar 
utilization in the tissues and the errors involved in such determinations 
have been discussed, as well as the current theories of the mechanism of 
epinephrine hyperglycemia. 
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Afferent function in the unmyelinated fibers of the dorsal roots was sug- 
gested many years ago by the work of Ranson and Billingsley (15, 16, 18 
and has been the subject of more recent investigation by Ranson and 
Davenport (17, 19). The experiments of Erlanger and Gasser (6), Adrian 
and his co-workers (1, 2, 3, 4), Tower (20), and Hogg (13) have also given 
indications that nerve fibers of small size and slow conduction velocity 
convey afferent impulses. Up to the present time, however, no demonstra- 
tion has been made of reflex effects produced by stimulation of afferent 
nerve fibers definitely shown to be of the group with slowest conduction 
velocity, the “C”’ fibers. 

METHODS AND RESULTS. ‘The possibility that fibers of the “C" group 
may have an afferent function has been investigated by the observation of 
reflex effects in the cat obtained under the following conditions : 

1, the effect of electrical stimulation of the saphenous nerve at strengths 
sufficient to excite only the “A” and ‘B” fibers, in comparison with the 
effect of stimulation of the ““C”’ fibers as well as the “A” and “B” groups; 

2, the effect of electrical stimulation of the ‘‘C” fibers after all the ‘A”’ 
and ‘‘B” fibers had been blocked by compression or asphyxia; 

3, the effect of mechanical stimulation of the “C”’ fibers after the “A”’ 
and ‘‘B”’ fibers had been blocked. 

The saphenous nerve was selected for stimulation because its anatomical 
composition has been thoroughly investigated by Ranson and Davenport 
(19) and by Heinbecker, O’ Leary, and Bishop (12), who showed that after 
sympathectomy and ventral root section large numbers of unmyelinated 
fibers of dorsal root origin are still present in this nerve. The Harvard 
inductorium with variable resistance in the primary circuit: was used 
throughout for stimulation. Reflex effects were judged by changes in the 
rate and amplitude of (he respirations and, in a few experiments, changes in 
the blood pressure. 


1 Read at the meeting of the American Physiological Society, Detroit, April 12, 
1935. This Journal 113: 27, 1935. 

? Fellow in Medicine, National Research Council 

3 Pennsylvania Hospital for Mental Diseases, Philadelphia, Pa 
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Cats, for the most part under light dial or amytal anesthesia, were used 
throughout. It is known from the work of Heinbecker, Bishop, and O’ Leary 
(10, 11) that stimulation under ether at a strength sufficient to excite the 
fibers of the “A” and “B” groups produces marked reflex effects. In their 
experiments no additional effects upon the animal could be demonstrated 
when the “C” group was also stimulated. Under barbiturate anesthesia, 
however, the effects of stimulating the “A” and ‘‘B” fibers alone are re- 


@110 £/sec. @110 4/c:ec. 


ell, 


Fig. 1 (above). Pneumograph tracing and electroneurogram during stimulation 


of cat’s saphenous nerve. Dial anesthesia. 110 ohms, ete., = resistance in primary 
circuit of induction coil. 110 ohms = ‘“B”’ strength; 10 ohms = “‘C”’ strength 


Rates shown are the number of make shocks and break shocks per second; thus 
2/sec. means 2 makes and 2 breaks per second. Time for pneumograph tracing in 6 
second intervals. J isthe electroneurogram at stimulus strength, 110 ohms, showing 
shock artifact, lower part of *‘A’’ elevation, and full ‘‘B’’ elevation. J/ is the electro- 
neurogram at l0ohms. Time for the electroneurograms in 1 millisecond intervals 

Fig. 2 (below). Later section from same experiment as figure 1. J is eleetroneuro- 
gram at 10 ohms stimulus strength, showing ‘‘C’”’ elevation. JJ is at 25 ohms, ‘‘C”’ 
elevation no longer present. Time for the electroneurograms is in 16.6 millisecond 
intervals 


duced to a minimum, while striking changes in respiration still accompany 
stimulation at “C”’ strength. Such differential effects are illustrated in 
figures 1 and 2. It will be seen in figure 1 that but slight effects upon 
respiration occur with ‘‘B” stimulation (110 ohms) and that these effects 
are of similar degree at rates of either 2 per second or 4 per second. Stimu- 
lation at “C”’ strength (10 ohms), 2 per second, however, produces a con- 
siderable increase in both rate and depth of respiration. The action 
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potentials (7 and /7) shown below the pneumograph tra 

during the corresponding periods of stimulation. “The sho 

part of the “A” elevation, and the full elevation 

but the “CC” elevation is not visible because the oscil] 

fast. With a slower sweep, however, °C" could 

graph at 10 ohms (see fig. 2). There is : 

“B” elevation in figure 1, 77, when the “C™ strength 

This deficit is probably due to the fact that af “5” 

lated at the lead electrodes rather than at the true cathode 

their potential is therefore masked in the large shock artifa 

itself, however, shows that these fibers did not discharge repetit 

if they had done so the area of their potential would also have been r 
peated. Examination of the electroneurogram at lower amplification in a 
number of experiments showed that any area of “*B™ which appeared under 
the shock artifact was then absent from its usual position in the electro- 


neurogram. Any experiment in which such an area was seen to repea 


itself was excluded from the series. Observations upon the “A” fibers in 


several experiments showed similar characteristics with re spect to repeti- 
tive discharge, and such a possibility was controlled in the same manner 
as with the ‘*B” fibers. When repetitive discharge is thus controlled, the 
clear inference is that the increased reflex effects obtained at “C™ strength 
were due to a true afferent function of “C” fibers and not to repeated 
responses In the “B” fibers. This inference is further supported by a 
number of experiments similar to that shown in figure 1 in which “B” 
strength stimulation at rates two or more times as rapid as those employed 
at “C” strength still failed to produce reflex effects as marked as those 


found when the “C”’ fibers were also stimulated, although at lower rates 

Figure 2, taken from the same experiment as figure 1, illustrates another 
method of controlling the possibility of repetitive discharge from the ‘SA”’ 
or “B” fibers. It will be seen in the first instance (J) that “C” strength 
shocks (10 ohms) produce definite respiratory effects and a “C” elevation 
in the electroneurogram. In this figure the action potential records are 
made from a slow oscillograph sweep; the “A” and ‘‘B” elevations are not 
shown in J, although they could be seen with a faster sweep. Shocks but 
slightly below “‘C” strength (25 ohms, //) however, fail to produce much 
reflex effect and the “C”’ elevation is absent. This and a number of similar 
experiments show that it is, in fact, precisely at the moment of the appear- 
ance of the “C” elevation that the increase in reflex effects takes place 
Gradual increase in the shock strengths after the “B” elevation had reached 
its maximum size consistently failed to produce any changes in reflex 
effects until the “C” elevation appeared in the electroneurogram at which 
point the greater effects invariably occurred. There is nothing so crucial 
as this in the occurrence of repetitive discharge in the “A” and “B” fibers 


to 
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This, when it occurs, may appear at any point above maximal stimulation 


of these fibers, regardless of whether or not the “C” elevation is present. 

Such evidence of additional afferent impulses entering the nervous sys- 
tem during stimulation of the “‘C” fiber group was found without exception 
in numerous trials upon 21 animals. (One dog was used in this series. 
fibers after 


The second method employed was the stimulation of the “C 
the elimination of the “A” and “B” groups by means of the pressure 
chamber introduced by Gasser and Erlanger (8, 9). This chamber con- 
sists of a brass cuff of small bore which contains a soft rubber tube. The 
nerve was dissected out, cut away at the ankle, and the free end threaded 
through the rubber tube, while the proximal portion remained in full 
connection with the animal. Stimulating electrodes were placed upon the 
nerve distal to the chamber and lead electrodes proximal to it. Compres- 


A 


Fig. 3. Effeet of compression on electroneurogram of excised cat’s saphenous: a, 
“A” and “B” elevations before compression; b, “C’’ elevation before compression; ¢, 
“A” and “B” elevations completely eliminated by compression (‘‘C’’ strength 
shock); d, “‘C”’ elevation at time when ‘‘A”’ and ‘“‘B” have been eliminated; ‘*C”’ is 
slightly delayed. Time for a and ¢ in 1 millisecond intervals; time for 6 and din 12 
millisecond intervals. 


sion was applied by the introduction of oxygen under pressure between the 
brass cuff and the rubber tube. After compression by this means for 
periods varying from 15 to 45 minutes (depending upon the amount of 
pressure used) only the “C”’ fibers remained active in the blocked region. 
The effect upon the saphenous nerve is shown in figure 3 which is taken 
from an experiment in which the nerve had been completely excised; a and 
b illustrate the normal electroneurogram of the cat’s saphenous; ¢ is taken 
after compression of the nerve and shows the application of a stimulus of 
strength. There are no elevations in the or “B” positions.  d, 
taken immediately after c, shows that a good ‘‘C”’ elevation is still present, 
though somewhat late in time because the conduction of the impulse is 
delayed in the compressed portion of the nerve. 

When this method of blocking nerve fibers is used on the saphenous of 
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an anesthetized cat, reflex effects may be studied before 
application of compression. Such an experiment is illu 
In J, made. before compression, a distinctly greater effect is seen wher 


4/sec. 6) 400 


Fig. 4 (above). Blood pressure (upper line) and pneumograph tracing 


stimulation of cat’s saphenous. Dial anesthesia. /, before compression of 


with pressure chamber. 400 ohms = strength; 10 olims strengt! 


“B,” and “C”’ elevations were all present in electroneurogram. //, after compres 
sion of nerve. “C’’ elevation alone was present in electroneurogram. 100 olims 
“B” strength; 5 ohms = strength 

Fig. 5 (below). Pneumograph tracing and electroneurogram during stimulation 
cat’s saphenous nerve. Amytalanesthesia. A block has been produced by asphyxt: 
Nerve pinched with artery forceps distal to block during time signalled. Time for 
pneumograph tracing in 6 second intervals. All the oscillograph records seen beloy 
the pneumograph tracing were recorded proximal to the block just before the ners 
was pinched. Stimuli for these were single induction coil break shocks applis 
distal to the block. They do not affect the pneumograph tracing. /, no trace 
“A” or “B” elevations present at ‘‘B’’ strength (55 ohms); //, no trace of “‘A 
“B”’ elevations present at ‘‘C’’ strength (5 ohms). Time for these two in 1 milli 
second intervals. JIJ, ‘‘C’’ elevation which is present at 5 ohms (much slower 
sweep). Time in 16.6 millisecond intervals 


“A,” “B,” and “C” fibers all are active (10 ohms) than when only the A” 
and ‘‘B” groups are stimulated (400 ohms). It will be noticed that in this 
instance the “C”’ stimulus, although producing the greater effect, was of 
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much shorter duration than the **B” stimulus. In //, after the block is 
established, at which time only the “C” elevation remained in the electro- 
neurogram, stimulation at “CC” strength still causes effects upon blood 
pressure and respiration as great as those obtained before compression of 
the nerve, while no effects whatever occur upon “B” stimulation. 

A nerve fiber block of very similar characteristics to that obtained with 
compression can also be obtained with asphyxia produced by means of a 
sphygmomanometer cuff surrounding the entire leg of the animal, including 
the saphenous nerve, and inflated above systolic blood pressure for about 
15 minutes, or produced by stoppage of the circulation alone for a similar 
length of time (5), in which instance the nerve is not included in the tourni- 
quet. Such a block has the advantage that it is reversible, if not too pro- 
longed, so that it can be repeated several times on the same nerve, while 
the block produced by compression is irreversible. Stimulation of the 
saphenous distal to an asphyxial block when only the “C” elevation re- 
mained in the electroneurogram recorded from a region proximal to the 
block, yielded results in every way similar to those obtained after a block 
by compression such as that shown in figure 4. To insure against the 


possibility that the strong shocks needed to excite the “‘C” fibers might be 
producing their reflex effects by spreading above the block, a mechanical 
stimulus which by its nature cannot spread—pinching of the nerve distal 
to the block with artery forceps——was employed alone in several experi- 
ments. A typical result of this procedure is shown in figure 5. It will be 
seen that at a time when no visible elevations were present in either the 
“A” or the “B” positions in the electroneurogram recorded proximal to the 
block, but while the **C” elevation was still clearly present, pinching of the 
nerve resulted in respiratory changes—a reflex which on its sensory side 
must have been mediated by fibers of the ‘‘C” group, since they alone were 
active through the blocked region at this time. 

Altogether, reflex effects produced by stimulation of the ‘‘C”’ fibers 
alone, after the “A” and ‘‘B” fibers had been blocked by compression or 
asphyxia, were obtained in repeated trials upon 17 cats. If either com- 
pression or asphyxia were prolonged sufficiently (much longer than one 
hour) the “C”’ fibers were also blocked and no further reflexes could be 
obtained with even the strongest stimulus. Failure to elicit reflex activity 
was also encountered if the anesthesia was too deep. With these excep- 
tions, results were consistently positive. 

An experiment analogous to the asphyxial blocking just described in cats 
has been demonstrated in man by Lewis, Pickering, and Rothschild (14) 
and repeated in this laboratory with entirely confirmatory results (7). In 
the human experiment the sphygmomanometer cuff is inflated about the 
upper arm and kept continuously at a point above systolic blood pressure. 
This causes a progressive loss of sensation distal to the cuff which takes 
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place in a constant order. The time relations of this | 

man furnish a striking parallel to the time relations of 
electroneurogram of the cat’s saphenous under 

For the first 15 minutes, in the human experiment, n¢ 
occurs. During a similar period the electroneurogram of 
nous shows no change except a slight slowing of conductiot 


man, the sensations of touch, pressure, vibration, and posit 


1 


disappear rapidly after about 15 to 20 minutes, and the 
begins to go at about the same time or slightly later. In the 

rapid disappearance of the “A” and “*B” elevations durin 

After 30 to 45 minutes the human subject has completely 

tions named above and the only responses obtainable from the area dist: 
to the cuff by any sort or intensity of stimulus are delayed sensations of 
warmth and of a severe burning pain. In the cat’s saphenous a 

all “A” and “‘B” fiber activity has been lost and the “C” fibers al 
conducting impulses through the asphyxiated region. After release of the 
cuff the sensations in man and the electroneurogram in the cat return in a 
few minutes to the normal state. Five human experiments and 15 anal- 
ogous animal experiments were carried out in this series, the time relations 
agreeing closely in every instance with those cited above. From these 
observations it is inferred that the human subject, after 45 minutes of an 
asphyxial block, feels warmth and pain from points distal to the block as a 
result of afferent impulses conducted solely by “C” fibers, just as in the cat 
during such a block reflex effects are obtained when only the ‘‘C”’ elevation 
is present in the electroneurogram. 


SUMMARY 


1. When the fibers of the “A,” ‘‘B,” and “C” groups in the cat's saphe- 
nous nerve are all stimulated, greater effects upon respiration and blood 
pressure occur than when only the ‘‘A”’ and “B” groups are active. 

2. When all the ‘“‘A”’ and ‘‘B”’ fibers of the saphenous have been blocked 


by compression or asphyxia and only the “C”’ fibers remain active in the 
blocked region, stimulation of these fibers alone by electrical or mechanical 
means continues to produce reflexes. 

3. We therefore conclude that ‘‘C”’ fibers carry afferent impulses capable 
of producing reflex effects in cats. 

4. A close parallel in time relations exists between the disappearance of 
sensations in man during asphyxial nerve block and the disappearance of 
the elevations in the electroneurogram of the cat’s saphenous nerve during 
a similar block. 

5. After 45 minutes of asphyxial block in the cat, “C”’ fibers alone are 
conducting impulses through the blocked region; at this time in the human 
subject sensations of pain and warmth alone can be evoked distal to such a 


block. 
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6. It is therefore inferred that in man afferent impulses which are inter- 
preted as pain and warmth are conducted at least in part by “‘C”’ fibers. 
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It has frequently been suggested that there may be vascular zones other 
than the arch of the aorta and the carotid sinus which play an afferent role 
in cardio-vascular reflexes. Because a considerable measure of circulatory 
control is achieved by variations in the volume of the vascular bed in the 
splanchnic area and because stimulation of the central ends of the splanch- 
nic nerves profoundly modifies blood pressure, it seemed desirable to search 
in that region for receptors which are functionally related to the circulatory 
system. 

The problem was approached by recording the impulses in the peripheral 
ends of the splanchnic nerves and their branches. In practically every one 
of a long series of experiments we found a grouped discharge of impulses 
synchronous with the systolic rise in pressure and often continuing in 
some measure throughout the cardiac cycle. The determination of the 
end organs which give rise to these impulses and their relation to vascular 
changes was the object of the work here reported. 

MertTuHopbs. Several hundred experiments were made on about fifty cats 
The animals were generally anesthetized with urethane ornembutal. Ina 
few cases they were decerebrated after preliminary ether anesthesia. The 
splanchnic nerves and their branches were reached in the abdomen, or in 
the thorax just above the diaphragm with the abdomen unopened. They 
were cut centrally and freed from the surrounding tissues for some distance 


so that they could be placed on electrodes leading to a capacity-coupled 


amplifier and Matthews’ oscillograph. In many experiments the nerve was 
reduced by dissection to one or a few active fibers. 

Resutts. The end organs re sponsible for the discharge. In considering 
what sense organs might give rise to these impulses we were impressed 
by the close relation of many Pacinian corpuscles to the vessels of the 


1 The expenses of this investigation were defrayed in part by a grant from the 
Committee on Scientific Research of the American Medical Association 
2? Godey and Seeger Fellow in Medicine 
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region. They lie in great abundance along the arteries, in the crotches of 
arterial branches in the root of the mesentery, and along the arcade 
arteries supplying the intestine. See figure 1. We were also reminded 
that the corpuscles have an intrinsic circulation. 

Definite information concerning the effective stimulus for Pacinian cor- 


puscles in another area of the body has been reported by Adrian and 
Umrath (1) who studied the activity of those located under the flexor 
tendons of the cat’s toe and on the surface of the tendon sheaths. They 


found that the corpuscles were readily excited by pressure or mechanical 
deformation. We therefore decided that here in the mesentery where they 


Fig. 1. Pacinian corpuscles in the mesentery of a cat. 


frequently adjoin the arteries they might be stimulated by the arterial 
thrust during systole, or by a steady distention of the vessels, or indeed by 
the pressure within their own intrinsic vessels. 

Final identification of the Pacinian corpuscles as the source of these 
impulses was made as follows. The pulsatile discharge was recorded in a 
small nerve twig from a few receptors. The nerve supply to one Pacinian 
after another was then cut with a consequent progressive diminution and 
final abolition of the impulse discharge as the successive corpuscles were 
eliminated. It can therefore be stated that the Pacinian corpuscles in the 
mesentery may be stimulated by vascular changes and thus give rise tothe 
impulses which we have just described. We have not entirely eliminated 
the possibility that other types of endings in this regicn also discharge 
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impulses synchronously with the pulse but we have 
any evidence of such activity. 

In the discharge from a large group of receptors we usually find some 
which function only during systole and others which are active throughout 
the cardiac cycle. When the nerve is reduced to a few fibers one may ob- 
serve only the former type (as in fig. 2) or the latter type (figs. 3, 4, and 5). 
The difference in the character of their discharge may be due to differences 
in their mode of stimulation. This will be discussed later. 

Relation of the impulse discharge to perfusion pressure. In order todeter- 
mine the effect of variations of intravascular pressure on the end organ 
response we have perfused at constant pressure a portion of the superior 
mesenteric arterial system with Ringer’s solution or defibrinated blood 
Under such conditions there is a maintained discharge of nerve impulses 
from the Pacinian corpuscles provided the perfusion pressure exceeds a 


Fig. 2. Discharge from several Pacinian corpuscles synchronous with pulse 
Time } second 
certain eritical level which varies considerably from preparation to 
preparation, 

If the perfusion pressure is raised and lowered in a pulsatile manner, 
there is a vigorous burst of impulses accompanying each rise in pressure. 
The pressure necessary to set up such momentary activity is less than that 
required to elicit a continued discharge. This fact is in agreement with 
the known properties of certain other types of sense organs as well as of the 
Pacinian corpuscles in the joints investigated by Adrian and Umrath. 

The corpuscles in these perfusion preparations are little affected by 


changes in body temperature and the degree of oxygenation of the perfusion 


fluid. Neither of these factors seems to alter the character of the discharge 
significantly. 

Having thus found in perfusion experiments that an elevation of intra- 
vascular pressure is an effective stimulus for the Pacinian corpuscles we 
turned next toa study of the relation of their activity to circulatory changes 
in the animal. 
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Effects of changes in blood volume. The intravenous injection of a 
considerable quantity of Ringer’s fluid (ca 200 ce.) in the intact animal 
causes a very great increase in the number and frequency of afferent im- 
pulses. This persists for some minutes following the injection. On the 


A B 


Fig. 3. The effect of hemorrhage on Pacinian eerpuscle discharge. A. Control 
3. After bleeding. C. After reinjection of equal quantity of blood. Time } second 


A \ \ 


Fig. 4. The effect of vasoconstriction due to adrenalin on Pacinian discharge. <A. 
After injection of blood. B. After adrenalin. C. After adrenalin effeet had worn 
off Time } second. 


other hand, if 50 ec. or more of blood are withdrawn from the animal, there 
is a prompt decrease or cessation of the sensory activity. On reinjection 
of an equal quantity of defibrinated blood the discharge of impulses is again 
resumed. Such an experiment is illustrated in figure 3... We may conclude 
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that one of the functions of the Pacinian corpuscles in the mesentery is to 


signal the degree of distention of the mesenteric vessels. 

Relation of the discharge to mean blood pressure. Such observations also 
suggest a definite correlation between mean systemic blood pressure and 
the activity of the Pacinians. Injection of fluid produces a rise in blood 
pressure and an increased discharge from the sense organs; with hemorrhags 
there is a drop in pressure and decreased sensory activity. When however 
the variations in blood pressure were produced by certain peripherally 
acting drugs we failed to find such a parallelism. An instance is illustrated 
in figure 4. The blood pressure had been raised by ah intravenous injec- 
tion of defibrinated blood which produced the usual increase in sensors 
response, But when the pressure Was further increased by an injection 


adrenalin there was a marked decrease of the impulse discharg On 1 


A B C 


Fig. 5. Comparison of the effect of hemorrhage with the effect of sv 
due to acetvl-B-methyvlcholine A. After hemorrhage B. After re 
equal quantity of blood (. After acetvl-B-methvleholine Time 


other hand (fig. 5) there was usually an increase, or at least no reduction, 
in the number of afferent impulses when the blood pressure was lowered by 
means of acetylcholine, although there was invariably a marked decrease 
with a similar drop in pressure resulting from hemorrhage. In general, a 
rise in blood pressure produced by a vasoconstricting substance causes a 
decrease in the end organ response; a rise in blood pressure resulting from 
an increased blood volume increases the number of afferent impulses It 
would therefore appear that the total sensory discharge is not directly 
related to the level of general blood pressure but rather to the degree of 
distention of the mesenteric vessels as determined by the blood volume 

A discrepancy is here apparent between the behavior of the Pacinian 
corpuscles and that of the carotid sinus and aortic endings. Why should 
the Pacinians respond In an Opposite manner to an increase ot blood pres- 
sure caused by vasoconstriction and one due to augmented blood volume, 
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while the carotid sinus endings respond in a constant fashion to elevation of 
blood pressure regardless of the cause of that elevation? (Bronk and 
Stella, 2.) 

The carotid sinus and aortic endings lie within the adventitia of large 
vessels whose degree of distention is: determined by the blood pressure. 
The Pacinian corpuscles on the other hand have a fairly rich vascular 
supply of their own, as has been emphasized by Sheehan (3)... This con- 
sists of a central vessel piercing the core and a network of capillaries sur- 
rounding the outside of the ending. It is at least possible that the pressure 
within these intrinsic vessels is in part responsible for the excitation of the 
sense organ. If that be so, the injection of adrenalin would cause a 
constriction of the arterioles with a consequent decreased distention 
of the vessels in the corpuscles. There would accordingly be a 
decreased stimulus in spite of the rise in general blood pressure. The in- 
jection of acetylcholine or amyl nitrite would dilate the small vessels and 
give an increased stimulation. Because such effeets are generally observed 
they lend some support to the theory that the Pacinian corpuscles are 
stimulated by the pressure exerted by vessels of their intrinsic circulation. 


The fluctuations of pressure within these vessels would be relatively small. 


This type of vascular stimulus could therefore account for the less pulsatile 
discharge from some of the corpuscles. 

It is also probable that the end organs are stimulated by the distention 
of the arteries along which many of them lie. It must be borne in mind 
that these vessels are smaller than those to which the carotid sinus and 
aortic endings are related and it is not unreasonable to suppose that they 
would be constricted by adrenalin. Under these conditions the Pacinian 
corpuscles would be stimulated less even though the general level of blood 
pressure was higher. 

The relative importance of the stimulus from the intrinsic circulation of 
the corpuscles and that from the larger vessels which so many of these 
end organs adjoin can not be decided from our experiments. Nor does it 
appear to be possible to answer this question finally and conclusively until a 
technique is developed for isolating and perfusing the circulation of a 
Pacinian corpuscle. At the present time, however, we can say that the 
activity of these sense organs is definitely related to the vascular system 
and that they signal the degree of distention of the mesenteric vessels. — It 
is therefore of interest to consider the possible reflex results of the 
afferent impulses which they discharge. 

Reflex effects. We first investigated their effect on general blood pres- 
sure. This was done by perfusing the superior mesenteric artery which was 
isolated from the general circulation, and with the venous outflow cut off 
from the vena cava. Nosignificant changes in the carotid or femoral blood 
pressure were observed when the perfusion pressure was varied over a wide 
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range. Similar results were obtained after the stabilizing influence of the 
aortic and carotid sinus nerves had been removed by cutting them 

Another approach was designed to test the hypothesis that these afferent 
impulses which result from a distention of the splanchnic vessels reflexls 
induce a constriction of those same vessels. The superior mesenterty 
artery was divided into two portions, each supplying approximately half 
of the small intestine. By clamping the vessels it was possible temporarily 
to cut off this whole area from the general circulation while the nerve 
supply of both portions was kept intact. The upper portion was perfused 
at various pressures. The lower half was perfused at constant pressure 
and the flow was recorded by means of a suitable flow meter which con- 
sisted of a differential manometer across a capillary. A decreased flow 
therefore indicated a vasoconstriction. In many experiments there was 
evidence of a reflex constriction of the vessels in the lower half of the 
mesentery when the vessels in the upper half were distended. But the 
results were frequently variable and must therefore be considered as sug- 
gestive rather than conclusive. 

Conciusion. Although their reflex effects remain to be demonstrated 
the possible importance of these afferent impulses will be soparent. The 
splanchnic vessels play such an important role in the control of the cireula- 
tion in normal and pathological conditions that it would have been surpris- 
ing had we not found some afferent mechanism for reporting to the centers 
the state of the mesenteric vasculature. It is gratifying to find that the 
receptors responsible for these sensory messages turn out to be the Pacinian 
corpuscles which had often been suspected, on anatomical grounds, of hav- 
ing a functional relation to the circulatory system. 


SUMMARY 


Afferent impulses initiated by vascular distention have been ob- 
served in the peripheral ends of the splanchnic and mesenteric nerves 

These impulses are discharged from the Pacinian corpuscles in the mesen- 
tery, many of which lie in close relation to the mesenteric vessels and in 
addition have an intrinsic circulation of their own. 

The corpuscles may be stimulated by perfusing the mesenteric cireula- 
tion at pressures above a certain critical level which varies considerably 
from preparation to preparation. Thus elevation of the intravascular 
pressure either within the intrinsic vessels of the corpuscle or within the 
larger vessels which the corpuscles adjoin, or in both is capable of evoking 
the discharge. 

Distention of the mesenteric vessels in the intact animal by injection of 
blood increases the number and frequency of afferent impulses; a decrease 
in the calibre of the vessels following hemorrhage causes a decrease in the 
afferent discharge. On the other hand, changes of blood pressure due to 
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peripherally acting drugs usually affect the discharge in an opposite direc- 
tion from those produced by injection or withdrawal of blood. These 
observations suggest that the effective stimulus is related to the degree of 
distention of the mesenteric vessels rather than to the level of mean blood 


pressure. In this respect the discharge from these receptors differs from 
that originating in the carotid sinus and aortic end organs. It is suggested 


that this may be due to the nature of the intrinsic circulation of the Pacin- 
ian corpuscles. 
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Bahrmann (1932) reported that when frog nerves are locally cooled, 
the failure of impulse conduction is either accompanied or immediately 
followed by a sharp rise of electrical resistance, in a typical instance from 
98,000 to 344,000 ohms. An increase of this order Was invariably asso- 
ciated with block, so that some necessary connection between the two 
phenomena might be inferred, 

The cold block in normal frog nerve is usually due to ice formation, and 
the low temperature limit of conduction is simply the minimum tempera- 
ture to which the nerve can be supercooled. Under favorable conditions 
this may be as low as 10.0°C., although ice formation (and block) can 
at will be induced at 1.0 to —2.0° (Boyd and Ets, 1934). Bahrmann’s 
experimental conditions were such that nerves froze only after supercooling 
to an average temperature of —6.0°. The resistance, in a liquid conductor, 
would be expected to increase with ice formation, and in a supercooled 
system the change would naturally be rapid because of the rate at which 
crystallization spreads. It seemed to us worth while, therefore, to repeat 


Bahrmann’s experiments, modifying the technique so as to minimize super- 
cooling. We have also followed the resistance changes in nerves blocked 
by cold without ice formation. Such a ‘non-freezing’ cold block can 


nearly always be produced in mammalian nerves, and occasionally in nor- 
mal frog nerves, particularly in summer. 

Our experiments were carried out during the months from January to 
May, inclusive, on sciati¢-gastrocnemius preparations from Rana pipiens 
R. catesbiana, and the albino rat. Excised mammalian muscles usually 
cease after a short time to respond to indirect stimulation, but Dr. H.N. 
Ets (unpublished) has found that the rat preparation remains in good con- 
dition for one to two hours at room temperature if soaked in a modified 
Locke’s solution (NaCl 0.92, KC] 0.042, CaCl, 0.01IS per cent). The 
blocking temperature of the nerve, during this time, remains constant or 
becomes progressively lower. 

Alternating current for the resistance measurements Was supplied by an 
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audio-frequency oscillator consisting of a triode (201-A) with feed-back 
through an audio-frequency transformer having a range of 1000 to 2000 
cycles per second. Measurements were made by means of a conventional 


bridge, the resistance of the nerve being balanced by a series of non-indue- 


tive resistances with which it was possible to make readings from 1000 to 
2,000,000 ohms. The other two arms of the bridge were fixed resistances 
of 100,000 ohms each. A variable condenser of 0.0005 mfd. maximum 
capacity was placed in parallel with the variable resistance. Using ear 
phones as an indicating device, the null point was quite satisfactory. The 
operating current was not strong enough to stimulate the nerve, and was 
usually left running throughout an experiment, with occasional changes of 
frequency to relieve auditory fatigue. 

The arrangement of stimulating and measuring electrodes was similar 
to that of Bahrmann (loc. cit.). The test stimulus was a single break 
induced shock just above the strength necessary for a maximal muscle 
twitch. Bahrmann and also Biihler (1905) describe a rising threshold 
just previous to complete block. We considered the nerve blocked when 
response to the original stimulus failed, believing that stronger stimuli 
were effective only through current spread. 

Between the measuring electrodes, the nerve lay in a transverse groove 
on the outer surface of a glass tube. Cooling was accomplished by allow- 
ing cold salt solution to flow at varying rates through this tube from a 
reservoir. When supercooling was desired, the nerve was covered with 
vaseline and the adjacent glass surface with rubber tubing. When it was 
to be avoided, nerve and cooling tube were left exposed to the air of the 
moist chamber. A thin film of water condensed on the glass surface as it 
cooled, and the gradient of temperature was such that freezing of this film 
always began near the reservoir before the nerve was cooled below 0° 
(Boyd and Ets, loc. cit). Water condensation around the nerve introduced 
a certain error into the resistance measurements, but considering the thin- 
ness of the film and its low conductivity the error was small. Bullfrog 
nerves, because of their relatively large diameter, were cooled by a differ- 
ent method, the nerve being drawn through a thin-walled glass tube sealed 
transversely through the cooling tube. Temperature was measured by 
means of a thermocouple in contact with the middle of the cooled segment 
of nerve, which usually included the entire length between the measuring 
electrodes. For bullfrog nerves, this length was 31 mm.; pipiens, 14, and 
rat nerves 11 mm. 

With the cooling device used for bullfrog nerves supercooling could not 
conveniently be avoided. Freshly dissected preparations invariably con- 
ducted until ice formed (indicated by sudden heat liberation, causing a 
movement of the galvanometer in the thermocouple circuit). Freezing 
temperatures varied from —3.0 to —7.0°, and the resistance changes were 


| 


TEMPERATURE AND ELECTRICAL RESISTANCE OF NERVI 


quite similar to those described by Bahrmann. On further cooling 
as —15.0°, the resistance continued to rise rapidly. The mi: 
the increase associated with block, however, varied roughly 
the temperature at which ice was formed. Contrary to the 
of Bahrmann, the capacity in the balancing circuit had to be 
rather than increased, as the nerve froze. 

Pipiens nerves subjected to freezing block at 1.0 
somewhat differently. The resistance curve shows : 


0 


Fig. 1. Resistance changes associated with cold block bullfrog nerve, 31 mm 
segment, freezing block after subcooling to —5.9 ¢ x, pipiens nerve, 14 mm. seg- 
ment, freezing block at —1.5°. 0, rat nerve, 11 mm. segment (R multiplied by 3 in 
order to bring it into scale), block without freezing at —0.5°. B block, R recovery 
(none after freezing at —5.9°). 


the maximum reached is less than double the initial value, as compared to 
the three- to five-fold incfease seen with freezing at —6.0°. The onset 


of block is also gradual, a weakened muscle response usually persisting for 


some time after freezing begins (fig. 1). In the supercooling experiments, 
the break in the resistance curve indicates accurately the point of com- 
plete block; at —1.5° it shows only the onset of partial block. 

The non-freezing cold block is not associated with any break in the re- 
sistance curve. This we have verified on normal rat nerve (fig. 1), on 
frog nerves treated with KCl-Ringer (Ets and Boyd, 1934), and on nerves 
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subjected to various forms of local injury. The blocking temperatures 
have been from +8.0 to —4.0°C. The findings of Bahrmann, therefore, 
do not apply to this form of cold block, and even for the freezing block 
they are quantitatively valid only under conditions which insure super- 
cooling. 

Effects of adherent salt solution. As a routine procedure the preparations 
were left for a time in Ringer or other saline solutions after dissection, and 
some of them were soaked for as long as two hours before use. The nerves 
were blotted with filter paper before mounting, but enough fluid remained 
to have some effect on conductivity. We carried out four experiments in 
which pipiens nerves were rinsed for 30 to 40 seconds in 4.5 per cent glucose 
solution before they were placed on the electrodes. The initial resistance 
of these nerves was comparatively high, but the form of the freezing- 
block curve was similar to that of the usual Ringer-soaked preparation. 
In three instances, after initial measurements of resistance on Ringer- 
soaked nerves at room temperature, isotonic glucose solution was applied 
with a pipette. This procedure, when brief and limited to the inter-elec- 
trode region, changed the resistance very slightly. Application at the 
points of contact with the electrodes caused a sharp rise (ef. Labes and 
Lullies, 1932). 

Effect of removing the nerve sheath. On two bullfrog nerves the epineu- 
rium was slit for a length of about 4 em., and reflected so that the bare 
nerve made contact with the electrodes. This was done with as little 
direct damage to the nerve as possible, but the affected segment in both 
cases Was abnormally sensitive to cold. One was blocked at 3.0°, the other 
at 8.0°, with no break in the resistance curve. The nerves were removed 
from the moist chamber and left for 30 minutes in Ringer’s solution. On 
cooling the same segments a second time, the blocking temperatures were 


respectively —6.1° (nerve frozen) and —4.0°. The mated preparations 


were mounted directly after dissection, without injury to the sheath, and 
both conducted until frozen. It was noted by Boyd and Ets (loc. cit.) 
that the cold blocking temperature tends progressively to rise near the 
point of section in a nerve, and that the effect is reversible in Ringer’s 
solution. It is evident that relatively mild injury to the nerve impairs 
conduction at low temperatures. 

Heat block. On four bullfrog nerves we obtained a perfectly reversible 
block at 39° to 41°. It was not associated with any break in the tempera- 
ture-resistance curve, which is in agreement with the finding of Bremer and 
Titeca (1934) on another species. We also observed in each case the 
phenomenon of ““Gewohnung” described by Thorner (1920), a second heat 
block requiring a temperature 0.5° to 1.3° higher than the first. Heat 
of this degree produces an effect similar to that of mechanical injury, so 
that a subsequent cold block can be produced at a comparatively high 
temperature. 
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Discussion. It seems clear that the extreme rise of resistance reported 
by Bahrmann is not a necessary condition for the failure of imp 
duction in cooled nerve. The resistance change does, however, app 
be of some significance in relation to the reversibility of the block 
a freezing block at near —6.0° the nerve recovers only on long soaking i: 
Ringer’s solution, or not at all (Boyd and Ets, loc. cit.). The freezing 
block without supercooling involves a relatively small resistance chang: 
and it is rapidly reversible. Chambers and Hale (1932) noted that i 


skeletal muscle the sarcolemma acts as a barrier to the spread of ice om 
tals. With the interstitial fluids frozen, the muscle fibers could still be 


subeooled through several degrees, with return of irritability on warming 
It seems probable that a similar condition in nerve may be responsible for 
the reversibility of the freezing block at higher temperatures 


SUMMARY 


1. The three- to five-fold increase of electrical resistance, reported by 
Bahrmann to be associated with cold block in frog nerve, is found to apply 
only to nerves frozen after supercooling to an average temperature of 

6.0°C. A freezing block can be induced in normal frog nerve at 1.0 
to —2.0°, with a resistance increase of less than 100 per cent. 

2. The non-freezing cold block is not associated with any gross break in 
the temperature-resistance curve. This is also true of heat block, as 
previously reported by Bremer and Titeca. 

3. Injury, such as is involved in careful dissection of the sheath, renders 
the nerve locally more susceptible to cold. This effeet is reversible in 
Ringer’s solution. 
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Sherrington (17) defined a motor unit as ‘tan individual motor nerve- 
fibre together with the bunch of muscle-fibres it activates.”” Eccles and 
Sherrington (12) and Clark (6) (7) presented evidence which indicates 
that a single motor neurone may control 100 or more muscle fibers. Ad- 
rian and Bronk (3) (4) and Denny-Brown (11) first succeeded in isolating 
the motor unit as a functional entity. 

Adrian and Bronk (4) studied reflex contractions in cats and voluntary 
contractions (mainly triceps) in man and concluded that the latter like the 
former are maintained by impulses which range in frequency from 5 to 50 
or more per second in each nerve fiber. They further pointed out that 
gradation of strength of contraction is brought about by changes in the 
frequency of discharge of each unit and by the number of units active. 


Smith (18) studied the motor unit responses in the biceps and triceps 


muscles of 8 normal subjects during voluntary contraction. Her results 
agreed essentially with those of Adrian and Bronk. She found no fre- 
quency of response above 20 per second but was unable to deal with strong 
contractions. During sustained contractions she found that a unit might 
remain continuously active for approximately 15 minutes without evidence 
of rotational activity. 

In the present study an attempt has been made to determine the range 
of frequency of response of which an individual unit is capable during 
voluntary contraction, the manner in which gradation of strength of con- 
traction occurs in various muscles and the effect of sustained contractions 
and fatigue. Records have been obtained from the muscles of 6 normal 
adult subjects, but for the most part from several representative flexor 
and extensor muscles of the writer. The muscles studied were the deltoid, 
biceps, flexor digitorum sublimis, brachio-radialis, rectus femoris, vastus 
lateralis, sartorius, gastrocnemius and tibialis anticus. 


APPARATUS AND METHODS. For most of the work a six stage, transformer-coupled 
amplifier was used to drive either a loud speaker or a Du Bois oscillograph. A con- 


1 National Research Council Fellow. 
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denser-coupled amplifier and a cathode ray oscillograph (see Gari 
have also been employed from time to time to check various points 
_.. Kour types of electrodes have been used. 1. A fine insulated wire 
cemented into the lumen of a hypodermic needle (no. 20 or 21) with black 
varnish. The bared tip of the insulated wire led to grid and the outer portior 

needle to ground. 2. Two fine insulated wires inside a hypodermic needle, the 

tips of which were only a fraction of a millimeter apart, led to the primary of an 
transformer. The needle was grounded. 3. A fine insulated wire (gauge 

with a minute portion of its insulation scraped off was drawn through a muscle 
means of a surgical needle until the bared portion made contact with an active unit 
This wire led to grid, and a small metal plate covered with canton flannel soaked in 
NaCl solution was attached to the skin surface over an inactive region and led t 
ground. 4. Two fine wires with a knife-edge cut in the insulation were drawn 
through a muscle together and led to an input transformer. 

Electrodes of type 1 served adequately for weak or moderate strengths of contrac- 
tion but during strong contractions picked up responses from many neighboring 
units. Electrodes of type 2 were highly selective and served well for streng contrac- 
tions but required greater amplification and were sensitive to movement. Types 3 
and 4, although not easily applied in many muscles, were highly selective and less 
sensitive to movement than the needle electrodes. When the wires were in a muscle 
it was possible to move freely without discomfort or fear of displacement. 

The needle electrodes were sterilized by autoclaving or soaking in 95 per cent 
alcohol. They were inserted to various depths in the muscle substance and held in 
place by a holder capable of tridimensional adjustment. The needles were inserted 
without anesthesia and except for the initial piercing of the skin did not cause dis- 
comfort. 

A torsion wire myograph (mechanograph) was used for measuring the strength of 
contraction in the flexor digitorum sublimis muscle. The shadow of the myograph 
rever, which was attached to the middle finger, fell upon the film so that an upward 
deflection of the line indicates increasing tension. For roughly measuring the 
strength of contraction in the other muscles, hinged levers were arranged to pull 
against weights hung over a pulley. 


Resutts. When needle electrodes (type 1) were inserted in a muscle 
which was slightly tense, a rhythmic response was heard in the loud speaker 
as the electrodes reached the vicinity of an active unit. If the electrodes 
were inserted deeper or moved about in the muscle the response became 
louder or fainter depending upon the distance of the recording surfaces 
from the active unit. In a muscle which was quite tense other units were 
heard as sounds of slightly different character, indicating that more than 
one unit was active in the immediate neighborhood of the electrodes. 

Most normal subjects can relax a muscle so completely that, although 
full amplification is used and the electrodes are inserted in different parts 


of the muscle, no active units are found. Relaxation sometimes requires 


conscious effort and in some cases special training, although in none of 
the 6 normal subjects used in this study was the complete relaxation of a 
muscle difficult. 

The recorded responses of a single motor unit (fig. 1) during a voluntary 
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contraction are characterized by a distinctive pattern,? which serves to 
distinguish them from the responses of other units, uniform amplitude and 
a fairly regular rhythm. The rhythm in this case varies by approximately 
10 per cent of the average interval between successive responses, which is 
the usual amount of variation. In some cases, however, the rhythm may 
vary by as much as 30 per cent (see fig. 4 A). In general the rhythm is 
less regular during weak than during moderate or strong contractions. 
The frequency range of motor unit responses during voluntary contrac- 
tion did not vary significantly in different parts of the same muscle or in 
the several muscles studied, with the exception of the biceps in which the 
upper frequency limit was on the average a little higher than in the other 
muscles. Motor units usually began to respond regularly at frequencies of 
5 to 10 per second during the weakest voluntary contractions which could 
be made, although occasionally a unit began to discharge at a rate of 12 
to 15 per second if a number of other 
units were already active. It was some- 
times possible to obtain regular responses 
at a frequency as low as 3 per second if 
an attempt was made to slow down a unit 
which was already discharging. Usually, 
however, when such attempts were made 
Fig. 1. Action potentials froma the responses became irregular and ceased 
single motor unit in the rectus fe- — entirely. 
moris muscle of a normal subject When the strength of contraction was 
during a weak voluntary effort 
(extension). Frequency, 13 per gradually increased, the frequency of re- 
second. Time units equal 0.020 Sponse of the motor units increased and 
second. at the same time more and more units 
throughout the muscle became active. 
This is illustrated in the records in figure 2, which were taken during a 
series of contractions of increasing strength in the biceps muscle. Record 
A was obtained during the weakest voluntary contraction which could be 
initiated and shows a unit responding fairly regularly at a frequency of 5 


to 6 per second. Record B shows the frequency increased to 9 per second 
and © to 11 per second with the accession of a new unit. With still 
stronger contractions the frequency of each unit increased further and 


responses of other units appeared. 

It is difficult to evaluate the part played by the two mechanisms (change 
of frequency in each unit and variation in the number of units active) for 
greding the strength of a contraction, since both operate throughout the 


2A transformer-coupled amplifier of the type used for obtaining most of the 
records distorts the wave-form of the action potential, but does not interfere with the 
identification of individual units by their general pattern which is determined 
largely by the relation of the recording surfeces of the electrodes to the active units. 
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entire range. In one experiment during a very weak contraction of 
flexor digitorum sublimis (a small muscle) slow rhythmic responses 
second) of a motor unit were correlated with slight undulations of 
myograph curve of tension recorded from the middle finger. This 
cates that there was probably only one unit active in the entire musel 

that there was not complete summation of contractile effect. In \ 
tractions, when the frequency of response in each unit is low, smoothne 
of the contraction depends upon the asynchronous response of several 
units. Since the frequency of response in individual units increases qu 


A 


Fig. 2. Motor unit responses from biceps muscle of normal subject during increas 


ing voluntary effort (flexion). A, weakest possible effort, frequency, 5 to 6 per 
second; B, stronger effort, frequency, 9 per second; C, still stronger effort, frequency, 
11 per second and accession of a new unit at 10 per second. Time units equal 0.023 


second. 


evenly with gradually increased effort, whereas the accession of each new 
unit represents a discrete step, it appears that the change in fre quency Is 
the more delicate method of grading the strength of contraction. The 
accession of units is probably a quicker and more potent factor in increasing 
the strength of a contraction. 

During the ordinary range of voluntary muscular activity, ineluding 
weak to moderately strong contractions, the frequency ol motor unit re- 
sponses does not exceed 30 per second. Only during very strong con- 


tractions involving maximal or near maximal effort does the frequeney of 


| | 

a | 
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response become higher. As Adrian and Bronk (4) have pointed out, 
it is difficult to study the upper frequency limit of response of single motor 
units during very strong contractions because of the swamping of the 
rhythm by other units. With electrodes of types 2 and 4 we have found it 
possible to isolate and record the response of single motor units in several 
muscles during maximum effort. The highest frequencies of response we 
have found in the muscles of normal subjects were in the neighborhood of 
40 per second. Figure 3 C shows responses of a single motor unit in the 
biceps muscle during the strongest voluntary contraction the subject could 


make. The frequency of the responses is on the average about 40 per 


second, although the highest frequency attained by any two successive 
responses is approximately 45 per second. 


Fig. 3. Action potentials from single motor units during the strongest voluntary 
effort possible. A and B from biceps muscles of patient with progressive muscula! 
atrophy, frequencies, 30 to 40 and 45 to 50 per second, respectively. C from biceps of 
normal subject, frequency, 40 per second. Time units equal 0.023 second. 


Patients with progressive muscular atrophy have provided a rather 
unique situation for investigating further the upper frequency limit of the 
motor unit response during voluntary contraction. In several such pa- 
tients the biceps and triceps muscles were atrophied to such an extent that 
only a small strand of muscle tissue remained. On examination it was 
found that the few remaining units in these muscles appeared to function 
normally. It was possible therefore to study maximal voluntary effort 
in these units without interference from other units. Figure 3 A and B 
are records from different units in the severely atrophied muscles of one 
of these patients during an attempt to flex the arm at the elbow. In Aa 
motor unit responds at a frequency of 30 to 40 per second and in B at 45 
to 50 per second. The biceps of this patient was only about as large in 
diameter as his little finger and he was not able to flex the arm against 
gravity. 
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On several occasions a single motor unit has been kept continu 
active for periods ranging from 15 to 30 minutes during a sustained con- 
traction which did not cause fatigue. Records were taken at regular 
intervals during the course of the contraction and the unit’s response f¢ 
lowed by ear with the loud speaker between records. Figure 4 A 
taken at the start of a sustained contraction of the tibialis anticus muse! 
and B 30 minutes later. Throughout the duration of the contraction the 
unit was continuously active and there was no evidence of the substitut 
of one unit for another. The records show that the frequeney and ai 
tude of the motor unit responses remained the same. 

Records of single motor unit responses have 
also. been obtained during strong sustained 
contractions which produced fatigue within a 
few minutes. These records show progressive 
decrease in amplitude of the motor unit re 
sponses as fatigue develops. Figure 5 shows 
a series of records from the tibialis anticus 
muscle of a normal subject during a strong 
contraction maintained as long as possible. 
Record A was taken at the start of the con- 
traction. The single motor unit responses are 
of uniform amplitude and at a frequency of 9 
per second. Record B, obtained 4) minutes 


later when fatigue was first felt, shows the unit Pig. 4. Action pote 
tials from oa motor unit 


at the same frequency but with a slight diminu- 
In tibialis anticus muscle 
tion of the amplitude of the responses. Record 


during a sustained con 
C, obtained 1 minute later and just prior to — traction (weak), showing 
complete fatigue, shows the unit responding at © variation in amplituds 
approximately the same frequency but with frequency of response 
A, at start; B, 30 minutes 
Further confirmation of the decrease in am- — 9 929 second 
plitude of the motor unit responses with fatigue 
has been demonstrated in the muscles of the patients with progressive 
muscular atrophy. Figure 6 shows records obtained from the flexor digi 
torum sublimis muscle of the forearm, which was greatly atrophied. The 
middle finger was attached to a myograph lever and a constant voluntary 
contraction maintained until fatigue ensued. In record A, taken at the 
start,a motor unit responds at a frequency of 13 per second. Record B 
taken 5 minutes later, when fatigue was very marked, shows reduced am 


plitude of the motor unit responses, although the frequency remains ap 


proximately the same. One also notes irregularities of the myograph 
curve resulting from fatigue. 


Some information about the relative size of the groups of muscle fibers 
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A | 


Fig. 5. Action potentials from tibialis anticus muscle during a strong contraction, 
showing progressive diminution of amplitude with fatigue. A, at start; B, 4 minutes 
later, C, 1 minute later and just prior to complete fatigue. Time units equal 0.023 


Fig. 6. Motor unit responses from flexor digitorum sublimis musele of a patient 
with progressive muscular atrophy during a contraction which caused fatigue. A, 
at start; B, 5 minutes later, showing reduced amplitude of response. White line 


indicates tension against myograph. Time units equal 0.023 second 
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which compose a unit and the distribution of the fibers has been obtained 
with the highly localizing electrodes (types 2 and 4). The movement of 
the electrodes a millimeter one way or the other often completely elimi- 
nated the response of a unit, thus indicating that the diameter of such a 
group of fibers is somewhere in the neighborhood of one millimeter 
Adrian (1) has shown that a nerve fiber may divide and send branches to 
both halves of the tenuissimus muscle of the cat, but for the most part 
the muscle fibers which compose a unit are probably not widely separated 
Our experience indicates that muscle fibers of a unit are grouped, possibly 
in longitudinal chains, as Cooper (8) showed, rather than widely distrib- 
uted throughout a muscle. If such is the case, it would make the re- 
sponse of a single active unit effective, as we have observed, and would 
result in greater effectiveness of all units during sub-maximal contractions 

Discussion. Of particular interest is the fact that the frequency of 
motor unit responses during voluntary contraction did not exceed 40 to 
50 per second and for the most part fell within the range of 5 to 30 per 
second. Although it may be possible that the frequency of response could 
be increased still further during so-called “super-human” feats of strength, 
the strongest voluntary effort that could be produced in an experimental 
situation would not drive motor units at frequencies above 50 per second. 

In view of the findings of Adrian and Bronk (3) (4) that the frequency of 
impulses in individual fibers of the phrenic nerve of the cat ranged from 15 
to 90 per second, it might have been expected that motor units generally 
would be capable of such a range. However, in single nerve fibers to other 
muscles of the cat they found the highest frequencies per second during 
reflex excitation were as follows: peroneus longus, 30; tibialis anticus, 44; 
quadriceps, 90; vastus lateralis, 25; vastus medialis, 65. They also demon- 
strated that stimulation of the whole nerve to the gastrocnemius and tibi- 
alis anticus produced curves of tension which showed but little increase 
in response to stimulating frequencies above 50 to 60 per second. Liddell 
and Sherrington (15) and Cooper and Eccles (9), on the other hand, have 
shown that stimuli at the rate of 90 per second or more are required in 
some cases to produce a completely smooth contraction. It would appear 
therefore that some muscles require impulses in the neighborhood of 70 
to 90 per second to produce a completely fused tetanus, whereas other 
muscles require frequencies of only 30 to 50 or 60 per second. However, 
during normal reflex or voluntary excitation muscles probably seldom 
produce a completely fused contraction. 

It is interesting that action potentials of single motor units recorded 
from muscles during reflex contractions (4) (11) (10) have not apparently 
exceeded 20 to 30 per second in most cases. Similarly the responses of 
single motor units recorded from the intercostal muscles of the cat during 
normal inspiration by Adrian (2) and during hyperpnea by Anderson 
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and Lindsley (5) have not exceeded rates of 15 to 30 per second. These 
examples as well as the highest frequencies of response found during volun- 
tary contraction of human muscles in this study fail to correspond with the 
highest frequencies of response reported in the individual nerve fibers of 
the phrenic and elsewhere by Adrian and Bronk (3) (4). 

A point which calls for further explanation is the fact that a motor unit 
during fatigue (fig. 5) shows a progressive diminution of amplitude whereas 
a motor unit during sustained contraction (fig. 4), which does not cause 
fatigue, shows no variation in amplitude or frequency of response, although 
it discharges at the same rate and for a longer period of time. The differ- 
ence might be accounted for in terms of the available oxygen supply, which 
is proportionally less per unit in the former case, in which the contraction 
is much stronger and a greater number of units are active. Therefore 
there is probably a greater accumulation of lactic acid and metabolites in 
the fatigued muscle. It is also probable that the blood flow is less during a 
strong contraction than a weak one. 

Fatigue in normal subjects does not appear to be of the same type as the 
weakness and fatigability of the muscles of patients with myasthenia 
gravis, for in the latter Lindsley (16) demonstrated not a uniform and pro- 
gressive decrease in amplitude of motor unit responses but irregular am- 
plitude from the start. 

Both Denny-Brown (11) and Adrian and Bronk (4) have failed to find 
evidence of rotational activity of motor units during sustained reflex con- 
tractions. The present evidence, as well as that presented by Smith (18), 
on voluntary contractions in man has likewise failed to substantiate 
Forbes’ (13) original suggestion of the rotational activity of units as an 
explanation of the lack of fatigue in long-sustained contractions. 


SUMMARY 


Action potentials have been recorded from single motor units in several 
flexor and extensor muscles of 6 normal human subjects during various 
strengths of contraction, sustained effort and fatigue. 

No electrical activity has been demonstrated in any part of a relaxed 
muscle. During a voluntary contraction the response of a motor unit is 
characterized by a distinctive pattern of uniform amplitude and fairly 
regular rhythm. The rhythm may vary by as much as 10 to 30 per cent 
during a constantly maintained voluntary effort. 

The two means by which the strength of contraction may be graded, 
namely, change in frequency of discharge in each unit and in number of 
units active, operate together throughout the range of contraction intensi- 
ties. Change in frequency is probably the most delicate grading mecha- 
nism and change in number of units the most effective. 

The lowest regular frequency of response found during voluntary con- 
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traction was 3 per second, the highest frequency 50 per second. During 
the weakest voluntary contraction which could be initiated, motor units 
usually began to respond at frequencies between 5 to 10 per second. With 
the exception of the upper frequency limit, which was slightly higher in 
the biceps than in the other muscles, motor unit responses did not differ 
significantly from one muscle to another or in different parts of the same 
muscle. 

Motor units kept continuously active for 15 to 30 minutes during a weak 
sustained contraction showed no sign of rotational activity or variation in 
frequency and amplitude. 

During fatigue produced by strong, constantly maintained contractions, 
single motor unit responses progressively diminish in amplitude but main- 
tain the same frequency. 


The author is indebted to Dr. Hallowell Davis and Dr. Alexander Forbes 
for suggestions and helpful criticism in the preparation of this paper. 
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Since the initial work of Loewi demonstrating the chemical transmission 
of the cardiac inhibitory effect of the vagus similar transmissions have 
been described for other parasympathetic mechanisms as well as for con- 
duction across sympathetic ganglia. A chemical substance, most likely if 
not undoubtedly acetylcholine, has now been reported after stimulation of 
parasympathetic nerves to the eye (4), the salivary glands (1), the tongue 
(5), the bladder (7), and the stomach (2). To this lengthening list we wish 
to add the vagus nerves to the small intestine. 

Metuops. A. Denervated intestinal loop as indicator. Our interest in 
the problem of chemical transmission of parasympathetic impulses arose 
from some experiments which were being carried out on the effect of various 
substances on denervated intestinal loops in recovery animals. It occurred 
to us that such denervated loops might serve as an indicator for the pres- 
ence of a humoral agent following vagal stimulation. Since both electrical 
stimulation of the nerves and injection of eserine were necessary the experi- 
ments were made acute and carried out on dogs anesthetized either with 
chloralose or more usually with about 200 mgm. per kilo of sodium barbital 
administered intravenously. Two loops, each about 10 cm. long, were 
made just below the ligament of Treitz. One of these was completely 
denervated by removal of all the mesenteric tissue except the vein and 
artery which were burned with phenol and then washed with alcohol and 
salt solution. The activity of each loop was recorded by the usual balloon 
tambour method. Artificial respiration was then installed and the vagus 
nerves exposed just above the diaphragm. The nerves were severed and 
the distal ends placed in shielded electrodes which were connected to a 
Harvard induction coil. At the appropriate times eserine or atropine were 
injected intravenously. 

B. Intestinal perfusion. Although positive results were secured by the 
method just described it was obvious that the substance stimulating the 
denervated loop might have originated in any region innervated by the 

' Made possible in part by a grant from the Wisconsin Alumni Research Foun- 
dation. 
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vagus. It was at this stage of our work that Dale and Feldberg (2) re- 
ported acetylcholine from the stomach. We therefore decided to perfuse 
the small intestine. 

Dogs anesthetized with sodium barbital received an intravenous injec- 
tion of 1 mgm. per kilo of eserine hydrochloride which was designed to 
inhibit the tissue cholinase. It is probable that this may have been un- 
necessary since Feldberg and Kwistkowski (6) found that eserine in the 
perfusion fluid was sufficient for this purpose. The animals were then bled 
to death and during this procedure ligatures were tied around the coeliac 
and superior mesenteric arteries. The perfusion cannula was inserted in 
the mesenteric artery above the ligature. Any perfusion by way of anasta- 
moses was prevented by ligatures around the upper end of the colon and 
the lower part of the duodenum. The outflow cannula was placed in the 
portal distal to the entrance of the gastric, splenic and pancreatic branches 

The perfusion fluid was a modified Locke’s solution consisting of NaC! 
0.9, CaCl, 0.016, KCl 0.0207, NaHCO; 0.022 and glucose 0.1 all in per 
cents. On the addition of 0.38 ec. of distilled water to each cubic centi- 
meter of perfusate it was diluted properly for the cold blooded heart. The 
perfusion of the intestine was carried out by the gravity method, the fluid 
being kept at 36°C. and completely oxygenated. By means of large and 
small mariotte vessels the perfusion pressure was kept constant and a 
known amount of the solution to be tested could be delivered to the perfu- 
sion cannula. 

Tests for the presence of an acetylcholine like substance were made on 
the frog’s heart, leech muscle and the frog’s rectus abdominis. The latter 
was not sensitive enough for our purposes. Perfusion of the frog’s heart 
with Ringer’s through its left auricle proved most satisfactory, the heart 
responding quite uniformly to acetylcholine controls as well as the perfu- 
sates. 

Resutts. A. Denervated loop as indicator. If stimulation of the vagi 
above the diaphragm releases an acetylcholine like substance in the splanch- 
nic area, and this is protected by eserine, it should enter the circulation and 
shortly reach the denervated loop causing its musculature to respond be- 
yond the usual small rhythmical contractions. That this occurs may be 
seen from figure 1. The first stimulation of the vagus caused only the 
innervated loop to respond. The denervated one of course could not be 
reached nervously and any A-C like substance was destroyed by blood and 
tissue esterase before reaching the loop. The second stimulation occurred 
after a small injection of eserine. The innervated loop agaifi responded 
and some 30 seconds afterward the denervated loop also contracted. 
Obviously the mechanism involved must have been a humoral one. Since 
it followed parasympathetic stimulation, appeared only after eserine and 
was abolished by atropine, it is reasonable to conclude that we were dealing 
with acetylcholine or at least a similar substance. 
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In every experiment such results were occasionally secured and in several 
they were repeated frequently. The difficulty in all cases seemed to be in 
the injection of just the right amount of eserine. Too much threw both 
loops into series of tonic contractions and one could not be sure of the 
relationship between the two curves. After small doses however the mus- 
culature often remained at its usual level of activity and then results as 
described were observed frequently enough to be convincing. 

B. Intestinal perfusion. Since our results so far only showed the pro- 


duction of an A-C like substance somewhere in the splanchnic area we 


Fig. 1. Record from denervated loop above and normal one below. Time in 
seconds, Lower line marks vagal stimulation. Between A and B a small dose of 
eserine, 0.3 mgm. was injected intravenously. 


decided to perfuse the intestine and find if it was one of the producing 
organs. 

Perfusions as described were therefore made. The gut was first per- 
fused at a rapid rate for about 15 minutes which was long enough to wash 
out all the blood and to allow the spontaneous production of the A-C like 
substance to come to a constant level. The perfusion rate was then re- 
duced to about 1 ee. per minute and the control samples collected. Tetanie 
vagal stimulation from a Harvard coil in alternating 5 second periods was 
then instituted and the samples collected during the next 20 or 30 minutes. 
All samples received 0.2 cc. of a 1/1000 solution of eserine for each 10 ee. 
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and were diluted with distilled water for the cold blooded heart. They 
were kept at a temperature of about 15°C. until tested. As shown by Feld- 


berg and Kwistkowski (6) even during perfusion a depressor substance is 
continually being formed in the splanchnic area. Our records have always 
confirmed these findings. To judge whether vagal stimulation has been 
effective the perfusate after stimulation must be compared with the control 
In figure 2 may be seen the results of one striking experiment. Although 
the control contained enough A-C like substance to decrease the contrac- 


Fig. 2. Record from perfusion of frog’s heart. At A 1.4 cc. of the control per- 
fusate. At B, 1 ec. of perfusate after vagal stimulation 


Fig. 3 
Fig. 3. A is the response of eserinized leech muscle to control and B to the per- 
fusate secured during vagal stimulation. The immersion in the solutions lasted 
exactly 3 minutes. 
Fig. 4. Frog’s heart. A shows two responses each to control intestinal perfusate 
and perfusate after vagal stimulation. At Bis a response of the atropinized heart to 
the same intestinal perfusate taken during stimulation. 


tions of the frog’s heart markedly, a still smaller amount of the perfusate 
secured during stimulation completely abolished the beat. 

The exact amount of A-C like substance in the perfusates is estimated 
only with considerable difficulty, in our opinion the frog’s heart not being 
very suitable for such determinations. In one experiment, however, with 
rather satisfactory results it was found by using known solutions of acetyl- 
choline that the control perfusate had a strength of about 1:10% A-C like 
substance and the stimulated about 1:10’ or ten times as much. 
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In figure 3 evidence for the function of an A-C like substance during vagal 
stimulation is shown by the use of the leech muscle as a test object. The 
procedure used was that described by Dale and Feldberg (3) and others. 

It is well known that atropine abolishes the response of the frog’s heart to 
acetylcholine. Figure 4A very strikingly shows the increase in response to 
intestinal perfusates taken during vagal stimulation. This response was 
almost but not quite entirely abolished when the heart was atropinized as 
may be seen in figure 4B. This is evidence that we are dealing either with 
acetylcholine or an A-C like substance. The fact that the depressor effect 
of the intestinal perfusate did not entirely disappear after atropine prob- 
ably speaks for a certain resistance to atropine or a small amount of some 
other unknown substance, which seems to increase along with the vagal 
stimulation. Histamine might be thought of in this connection. The 
inhibition from the control was always greater than the residual depression 
remaining after the test heart was atropinized. The control intestinal 
perfusate therefore also always contained an A-C like substance. 

ComMENT. For the following reasons our results lead us to believe that 
the substance appearing in the intestine during vagal stimulation is acetyl- 
choline: 1, its stimulation of contraction of a denervated intestinal loop; 
2, its inhibitory action on the frog’s heart is similar to that of acetylcholine; 
3, its stimulating action on the eserinized leech muscle is comparable to 
that of acetylcholine; 4, the abolition of its action by atropine; 5, its pro- 
tection by the addition of eserine to the perfusate; 6, its disappearance on 
standing at room temperature. 

The demonstration of acetylcholine on vagal stimulation of the intestine 
adds another example of chemical transmission of peripheral parasympa- 
thetic effects. 

The demonstration of acetylcholine in an organ such as the intestine in 
which atropine does not entirely inhibit the augmentor action of the vagus, 
strengthens the current conception that the transmitter of parasympathetic 
impulses is acetylcholine. So far there is no evidence as to the exact site 
of its origin in the intestine. 


SUMMARY 


By the use of an intestinal loop in an intact animal as an indicator the 
production of an acetylcholine like substance was shown to arise in the 
splanchnic area during vagal stimulation. That this substance came in 
part at least from the small intestine was demonstrated by perfusion of this 
organ and tests on the perfusate. To the perfusate both the frog’s heart 
and the eserinized leech responded in a manner typical for acetylcholine. 
The material could be demonstrated only when protected by eserine, its 
action was almost entirely abolished by atropine and it disappeared on 
standing. It is therefore believed to be acetylcholine like and most likely 
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acetylcholine itself. The demonstration of this chemical 


parasympathetic impulses in an organ like the intestine which 1 


atropine resistant is of considerable significance. 
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The previous literature on the hyperglycemia and glycosuria which re- 
sults from carbohydrate ingestion following a fast or a diet deficient in 
‘arbohydrates has been reviewed by Dann and Chambers (1930). These 
workers confirmed the occurrence of these ‘‘diabetic’”? manifestations in the 
fasting normal dog and, in addition, showed that the initial administration 
of glucose under these circumstances caused little or no rise of the non- 
protein respiratory quotient from the low resting level at which it is main- 
tained during fasting. They concluded that there is almost complete 
suppression of the ability to oxidize ingested glucose in dogs after a fast of 
about 3 weeks. 

We have recently shown (Soskin, et. al., 1934a, 1934b, 1935) that toler- 
ance to administered sugar cannot be related to the insulinogenic activity 
of the pancreas or to glucose utilization by the muscles, but is, rather, a 
function of the liver. On the basis of our results the manifestations of 
“hunger diabetes” are best explained as a delay in the normal homeostatic 
reaction of the liver, whereby this organ decreases its supply of glucose to 


the blood in response to an influx of exogenous sugar. From this point of 
view, neither the low R.Q. of fasting nor the failure of sugar administration 
to raise this R.Q. should be interpreted as indicating a suppression of 


glucose oxidation. It therefore seemed worth while to investigate the 
utilization of carbohydrate by the fasting dog, using a criterion other than 
the respiratory quotient. 

Merrnops. Our procedure consisted in observing the effeet of previous 
fasting on the rate of disappearance of the blood sugar in dogs after com- 
plete evisceration. The operations were performed under nembutal 
anesthesia by a modification of the method for hepatectomy described by 
Markowitz, Yater and Burrows (1933). For two hours following the 
operation, arterial blood samples were drawn at frequent intervals and 
analyzed for sugar content by the Somogyi modification of the Shaffer- 
Hartman method. Dextrose was then administered intravenously and the 
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observations repeated. The ureters were ligated in all cases to obviate | 
of sugar by excretion. Some blood lactic acid determinations were 
made at various stages of the experiments. 

The periods of fasting which we utilized ranged from 15 to 38 days, in 
accordance with the conclusions of Dann and Chambers (1930) as to the 


period required for complete suppression of glucose oxidation. Our con- 
trol animals were fasted for 48 hours in order to facilitate the operative 


procedure and post-operative survival. This shert period of fasting, 


according to previous workers (quoted by Dann and Chambers, 1930), 
is not followed by the manifestations of “hunger diabetes.”’ 


TABLE 1 


DISAPPEARANCE OF BLOOD st 
FOLLOWING EVISCERATION 
PERIOD 
DOG NUMBER OF 
FASTING 
Im- 
medi- 
ate 


Control 1 
‘ontrol 2 
‘ontrol 3 
‘ontrol 
‘ontrol 
‘ontrol 


Fasting 
Fasting 
Fasting 4 5: 13 
Fasting 2: 32 
Fasting 6. 3 : 2: 10 


Resutts. The results are detailed in table 1 and graphically summa- 
rized in figure 1. It may be seen that the rate of disappearance of the 
blood sugar after evisceration in the fasted animals is Just as rapid as in 
the controls. This applies to administered dextrose as well as to the blood 
sugar of endogenous origin. 

In neither the fasted nor the control animals, either before or after the 
administration of dextrose, does the accumulation of lactic acid in the 
blood account for a significant proportion of the blood sugar which 
disappears. 

It is of interest to note that the absolute rate of fall of the blood sugar in 
the individual experiments (table Lh): both in the fasted and control dogs, 


VIN EX 
mgm mgr mg mg J mg 
lay er pe pe pe per pe d é 

2 S| 70 219 17S 136 124 120 
2 7S d4 1S 31 20 217 175 34 115 19 

2 93 S5 67 17 35 202 | 199 143 
9 76 55 17 iS 7 105 SY (4 14 1s 
2 66 53 15 23 It 155 122 106 St) Ow 
2 72 60 52 28 95 74 38 ls 
19 177 | 144 , 104 63 
11 109 Q7 78 3S 
33 131 O6 82 12 
27 139105 &9 72 

17 185 | 153 141 
Ss 154 129 120 SS 69 
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depends on the initial blood sugar level. When, however, this difference 
in initial height is obviated by averaging the values for all the experiments 
of each group and charting these values as percentages of the initial level 
(fig. 1), the rate of disappearance of blood sugar in all the experiments 
coincides within narrow limits. 

Discussion. Once the liver is removed it becomes quite evident that 
the extrahepatic tissues of the fasting dog dispose of sugar just as rapidly as 
do those of the control dog. Unless one is to make the entirely unwar- 
ranted assumption that evisceration causes an immediate and radical] 
change in the material oxidized by the remaining tissues, one is forced to 
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Fig. 1. Graphic comparison of the rates of disappearance of blood sugar after com- 
plete evisceration in the fasting (broken lines) and control (solid lines) dogs, with 
and without sugar administration. Each curve represents the average values for all 
the experiments of the particular group, plotted as the percentage of the initial 
average blood sugar level. 


the conclusion that the intact fasting animal suffers no suppression of its 
ability to utilize carbohydrate. These results and conclusions are in 
complete accord with our previous considerations of “hunger diabetes.” 
They further indicate that the low respiratory quotient of fasting cannot 
be interpreted as meaning a lack of carbohydrate oxidation. 

The present work is but the latest of a series of observations, made with- 
in recent years, which indicate the fallacy of the generally accepted inter- 
pretation of the respiratory quotient. The utilization of sugar has now 
been demonstrated in practically every physiological preparation in which 
the value of the R.Q. is ordinarily interpreted to mean an inability to 
oxidize carbohydrate. Such evidence is available: 
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1. In the phlorhizinized dog (Wierzuchowski, 1926, 1927a, 1927 
Deuel, Wilson and Milhorat, 1927). 

2. In the depancreatized dog, after depletion of its stores of body fat 
(Soskin, 1930; Ring, 1934). 

3. After hepatectomy of the depancreatized dog (Mann and Magath, 
1923). 

4. During prolonged injections of epinephrin in the normal dog (Soskin, 
Priest and Schutz, 1934c. 

5. After hypophysectomy of the depancreatized dog (Houssay and 
Biasotti, 1931). 

6. After evisceration of the fasting normal dog. 

The outline and bibliography of an alternative interpretation of the 
respiratory quotient has been discussed in a previous communication 
(Soskin, 1930). It is not our purpose to enlarge upon it at the present time. 
It seems important, however, to again point out the need for some revision 
of the present interpretation of the respiratory quotient. 


CONCLUSIONS 

1. As judged by the utilization of sugar after evisceration, there is no 
suppression of carbohydrate oxidation in the normal fasting as compared 
to the normal fed animal. 

2. The low respiratory quotient of fasting as well as the other manifesta- 
tions of “hunger diabetes” are not due to a lack of carbohydrate utiliza- 
tion, but probably result from an increased gluconeogenesis. 

3. The need for a re-interpretation of the respiratory quotient is 
emphasized. 
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Among the numerous studies of Houssay and his collaborators (1) on the 
hypophysectomized organism are a number of observations which indicate 
a profound disturbance in the normal mechanism for the maintenance of 
the blood sugar level. Those observations which were made on the dog, 
and which have been partly confirmed on the same animal by subsequent 
workers, may be briefly summarized as follows: 

1. The fasting, hypophysectomized dog shows a progressive drop in the 
blood sugar level, and may die in hypoglycemic convulsions (2) (3) (4) 
(5) (6). 

2. The hypoglycemic effect of fasting persists after pancreatectomy of 
the hypophysectomized animal (1) and is exaggerated by phlorhizination 
(7). 

3. The hypoglycemia which rapidly follows the administration of phlor- 
hizin to the hypophysectomized dog is alleviated by the administration of 
carbohydrate or protein, but not by fat (7). 

4. Pancreatectomy of the hypophysectomized dog is followed by a 
modified form of pancreatic diabetes. The animal may survive without 
insulin for months (1) (8) (9) (10). Similar results to the above have also 
been reported in a variety of animal species recently reviewed by Collip 
(11). 

The above phenomena cannot but have an important bearing on the 
interpretation of the previously established facts concerning the origin of 
the blood sugar, and the metabolic disturbance in pancreatic diabetes and 
diabetes mellitus. With this in mind we have observed, since the early 
reports of Houssay et al., a series of hypophysectomized and of hypophy- 
sectomized-depancreatized dogs. 

SOURCE MATERIALS FOR THE BLOOD SUGAR IN THE HYPOPHYSECTOMIZED 
poc. It is well known that the starving normal dog maintains its blood 

1 Presented in preliminary form before the American Physiological Society, April, 
1935. 
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sugar at an approximately normal level long after marked derangements 
in many other blood constituents have occurred and, indeed, up to the time 
of death. Although a small part of this phenomenon may be due to a 
diminished use of carbohydrate concomitant with the lower metabolism of 
the intermediate stages of inanition, it seems clear that the chief reason for 
the persistence of the normal blood sugar level is the continued production 
of blood sugar from the non-carbohydrate materials of the body. This 
view is supported by the fact that removal of the liver from a starving 
animal results in as rapid a fall of the blood sugar to hypoglycemic levels 
as occurs after the same procedure in the well fed animal (12). 

The hypoglycemic effect of starvation in the hypophysectomized animal 
might be interpreted as being due to: 

1. An increased consumption of sugar by the tissues, or 

2. A decreased formation of blood sugar from endogenous non-carbo- 
hydrate sources. 

The lowered metabolic rate following hypophysectomy and the fact that 
hypoglycemia also occurs in the fasting depancreatized-hypophysectomized 
animal are opposed to the first interpretation. The hypoglycemia is, 
therefore, more readily interpreted as being due to a failure of that mecha- 
nism which so well maintains the blood sugar supply of the fasting norma! 
dog. 


In the light of the above considerations, the fasting hypoglycemic hypo- 
physectomized dog seemed to offer a suitable test-object upon which to 
determine che sugar-forming properties of the non-carbohydrate foodstuffs, 
by simple feeding experiments. 


Methods. Adult dogs were hypophysectomized by a method slightly 
modified from that of Dandy (13). During the immediate post-operative 
period glucose was administered intravenously at frequent intervals until 
the animal could partake of food by mouth. When the dogs had recovered 
completely from the surgical interference and the wounds were healed, they 
were fasted for 24 hours in order to assure ourselves of the presence of the 
hypoglycemic effect in each animal. Only such dogs in which the blood 
sugar was 50 mgm. per cent or lower, after this short period of fasting, were 
used in this study. 

Three sets of observations were made on each animal, viz., the blood sugar 
level when the animal’s diet consisted solely of fet, when the diet consisted 
of protein, and when the animal was fasted for anumber of days. The fat 
was administered in the form of olive oil, by stomach tube. Protein was 
administered as lean meat. The amount of each food given was more than 
that necessary for the animal’s calorie requirement. The diets were 
divided into five equal portions which were administered at 9 a.m., 12 noon, 
3 p.m.,6p.m.and9p.m. Blood samples were taken before each feeding 
for the determination of the glucose content by the Somogyi modification 
of the Shaffer-Hartman method. 
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Fig. 1. Effect of exclusive fat or protein feeding and of fasting on the blood sugar 
level of the hypophysectomized dog. The shaded area represents the spread of the 
blood sugar values and was obtained by plotting the maximum and minimum blood 
sugar values for each day. The central heavy line indicates the average of all the 
blood sugar values obtained on each day. 

In the experiment represented in this figure, the notations as to the material fed 
represent: Fat—11 grams per kilogram body weight per day, in the form of olive oil, 
by stomach tube; protein—11 grams per kilogram body weight per day, in the form of 


lean meat. 


Fig. 2. Another experiment similar to that represented in figure 1, except that this 
animal went through the various stages much more rapidly than the other. 

This animal received 15 grams fat per kilogram body weight per day, and 31 grams 
protein per kilogram body weight per day in the respective periods. 
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Results. The number of blood sugar determinations made in this studs 


was such as to preclude detailed tabular presentation. Of the six animals 
studied in this way, two typical experiments are illustrated in figures 1 and 
2. The blood sugar values for each day are charted as maximum, mini- 
mum and mean, in order to emphasize the trend of the blood sugar level 
from day to day rather than the fluctuations within each 24 hours. 

It may be seen that in these experiments protein feeding maintained the 
blood sugar level and alleviated hypoglycemia when present, while the 
administration of even greater amounts of fat was without demonstrable 
effect as compared to starvation. 

The experiments represented in figures 1 and 2 were selected to show the 
difference between different animals in the time required for the onset of 
hypoglycemia during either fat feeding or starvation. These periods not 
only differed in different animals but also varied in the same animal at 
different times, depending upon the previous feedings and the current state 
of nutrition. It may be seen in figure 1 that after a rather prolonged 
fasting period and a rapid recovery of the blood sugar level by the adminis- 
tration of protein for one day, a second fasting period resulted in hypo- 
glycemia within 72 hours. 

Comment. The hypophysectomized dog can maintain its blood sugar 
level on a sufficient protein intake. It is evident, however, that even after 
periods of high protein feeding, its endogenous protein reserves are insuffi- 
cient to maintain its fasting blood sugar level for very long as compared 
to the fasting normal dog. If we consider two dogs of equal nutritional 
status, one normal and the other hypophysectomized, both will have an 
equal store of available protein to begin with. Upon fasting, the hypo- 
physectomized animal excretes somewhat less nitrogen than the normal 
animal (4) so that upon any subsequent day of starvation it still has avail- 
able more body protein than the normal dog. Nevertheless, the protein 
which it still has available is insufficient to maintain its blood sugar level 
indefinitely. It becomes obvious that the normal animal must have some 
other source of carbohydrate besides protein which the hypophysectomized 
animal lacks. Moreover, the administration of fat to the otherwise starv- 
ing normal animal will prolong its survival and therefore its total sugar 
formation during starvation, while the results of feeding fat to hypophy- 
sectomized animals do not differ significantly from those of complete 
starvation. Since the total carbohydrate stores of either animal are too 
small to affect the results for more than a few days, there remains only fat 
as the source of the additional carbohydrate in the normal animal. From 
this point of view, the removal of the hypophysis can be regarded as result- 
ing in the loss of some factor or factors which are responsible for the conver- 
sion of fat to carbohydrate. This is in agreement with the observations of 
many investigators as to the presence of “fat-metabolism,”’ ‘‘ketogenic,”’ 
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and ‘‘diabetogenic”’ hormones in the anterior lobe of the hypophysis (vide 
Collip, 11). 

THE MODIFIED DIABETES IN THE HYPOPHYSECTOMIZED-DEPANCREATIZED 
poGc. It is reasonable to assume that the same disturbance which causes a 
disability of the hypophysectomized animal as regards maintenance of the 
blood sugar level should be responsible for the ameliorated form of diabetes 
which has beci: described in the hypophysectomized-depancreatized animal. 
The fact that the latter animal, like the hypophysectomized animal with 
the pancreas intact, becomes hypoglycemic on fasting is hardly susceptible 
to any other interpretation. Since, as we have shown, the blood sugar 
level of the hypophysectomized animal is largely dependent upon the diet 
andthe nutritional state, it is to be expected that the degree of diabetes 
in the hypophysectomized-depancreatized animals should be dependent 
upon the same factor. This would account for the variability in the dia- 
betie state of the hypophysectomized-depancreatized animals which have 
been described by various authors. 

Since the 1930 report of Houssay and his associates on the hypophysec- 
tomized-depancreatized dog, we have studied a number of such animals. 
In view of the recent nature of such studies, the relatively few confirmatory 
reports in the American literature, and their important bearing on the 
question of the fundamental metabolic disturbance in pancreatic diabetes 
and diabetes mellitus, it seems desirable at this time to briefly summarize 
our results. 

Methods. The seven hypophysectomized-depancreatized animals upon 
which we are reporting are those, amongst a much larger group, which gave 
satisfactory evidence of complete hypophysectomy and pancreatectomy by 
behavior during life, length of survival without insulin, and post-mortem 
examination. 

Following complete recovery from the operative procedure of hypo- 
physectomy, the animals were pancreatectomized. Glucose was adminis- 
tered intravenously until the animals were able to retain food, when they 
were placed on diets of lean meat, raw pancreas, and cane sugar similar to 
those used in our previous studies on the depancreatized dog. No insulin 
was given at any time except in a few isolated instances to demonstrate the 
sensitivity of these animals towards this hormone. 

Results. Figure 3 illustrates an experiment in which a hypophysec- 
tomized-depancreatized dog was fed different amounts of lean meat every 
second day, with a day of fasting intervening between each day upon which 
food was given. Note the quantitative relationship between the amount 
of meat given and the initial height and course of the blood sugar curve on 
the subsequent day of fasting. The rapidity of the onset of the hypo- 
glycemia of fasting, as compared to that which occurred in the hypophy- 
sectomized animals (figs. 1 and 2), is also of interest. 
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The pertinent data as regards the urinary excretion of sugar and nitrogen 
of our hypophysectomized-depancreatized animals, are summarized in 
table 1. It may be seen that, in agreement with the work of Houssay and 
others, our animals survived without insulin for as long as 15 weeks 
Their diabetic manifestations on equivalent diets were less than those 
obtained in depancreatized dogs with the pituitary intact. Like the hyper- 
glycemia (fig. 3) the glycosuria was directly dependent upon the amount of 
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if Fig. 3. Influence of the amount of protein intake on the blood sugar level of the 

hypophysectomized-depancreatized dog. (This is the same animal as depicted in 
figure 1, before pancreatectomy.) The black areas represent days upon which the 
animal was fed; the superimposed white arrows indicate the meals. The shaded 
strips are a foreshortened representation of the night periods, between 9:00 p.m. and 
9:00 a.m. 

The total amount of food given on the respective days of feeding was as follows Ss: 
Day 1, 400 grams lean meat, 60 grams cane sugar, 120 grams raw pancreas; day 3 
378 grams protein as lean meat; day 5, 168 grams protein; day 7, 90 grams protein; 
evening of day 8, same as day 1. 


food which the animals accepted. But, regardless of the degree of the 
diabetic manifestations, no ketonuria was observed. 

Comment. Considered from the point of view of the utilization of car- 
bohydrate, our results on the hypophysectomized-depancreatized dogs 
offer an irreconcilable contradiction. On the one hand, the hyperglycemia 
and glycosuria following protein and carbohydrate feeding would indicate 
an inability to utilize carbohydrate; while, on the other hand, the rapid 
onset of hypoglycemia during fasting would have to be interpreted as an 
increased rate of sugar utilization. Like the results on the hypophysec- 


= = = [ 
= = = = 
wor = = = 
= = = 
| = = = 
= — 4 
$e = = = 
2 = = 
” 60 BA 4 = 
= = 
E = 
o = = E 4 
20F i = = 
= =" =| = 4 
= = = 


116 SOSKIN, MIRSKY, ZIMMERMAN AND CROHN 


tomized animal, these data are much more readily interpreted in terms of a 
disturbance in gluconeogenesis. The diabetic manifestations following 
protein feeding leave no doubt as to its availability for sugar formation. 
But the hypoglycemic effect of fasting, in spite of ample fat stores, the low 
D:N ratios, the lack of ketosis, and the relatively long survival without 
insulin, are all consistent with the hypothesis that the hypophysectomized- 
depancreatized animal differs from the depancreatized in that the latter 
derives sugar from both protein and fat, while the former can use only 
protein. 


TABLE 1 
Hypophysectomized-depancreatized dogs 


AVERAGE | AVERAGE 
KETONURIA GLUCOSE | NITROGEN 
| | EXCRETION | EXCRETION 


DIET 

400 GM. MEAT; 
60 GM. SUGAR; 
120 GM. PANCREAS | 


| SURVIVAL | 
DOG | (WITHOUT | 
INSULIN) 


| 
| AVERAGE 
| D:N ratio 


weeks | gm./24 hrs. 


24 hrs | 

Full None 10.1 §.1 

Partial (}) None | 2.4 2.9 
| 


Full | None 


Full | None 
Partial () | None 


Full | None 
Partial (3) None 


Full | None 
Partial (0) | None 


Full None 
Partial ({) | None 


Full None 
Partial (2) None 12.4 


From this point of view, it is evident that the amelioration of pancreatic 
diabetes by hypophysectomy is more apparent than real. The essential 
metabolic disturbance caused by pancreatectomy, i.e., the loss of ability 
to regulate the rate of gluconeogenesis, is not obviated by hypophysectomy. 
The latter procedure merely limits the rate of gluconeogenesis by confining 
the process to protein. This accounts for the marked diabetic manifesta- 
tions on a high protein intake, and their disappearance during under- 
nutrition. The relatively small protein reserves as compared to fat, even 
in well-fed animals, accounts for the rapidity of the onset of hypoglycemia 
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during fasting. It has been noted that the onset of hypoglycemia in the 
hypophysectomized-depancreatized animal is even more rapid than in the 
hypophysectomized animal (fig. 3 as compared to figs. | and 2). This is in 
accord with the finding of Biasotti and Houssay (7) on the phlorhizinized 
hypophysectomized dog and is probably accounted for by the subnormal 
reserves due to excessive squandering of body protein in uncontrolled sugar 
formation, consequent to pancreatectomy and phlorhizinization. 

Discussion. The metabolic disturbance following hypophysectomy, 
both in normal and depancreatized dogs, is best explained as being due to 
an interference with the normal mechanisms of gluconeogenesis from the 
non-carbohydrate precursors. Our results indicate that while the animal 
with hypophysis intact derives blood sugar from both protein and fat, the 
hypophysectomized animal can use only protein for this purpose. 

Biasotti and Houssay (7) have attempted to explain similar phenomena 
on the assumption that hypophysectomized animals have a diminished 
‘apacity to form sugar from endogenous protein. We do not feel that this 
hypothesis adequately accounts for all of the phenomena which we have 
observed. Their conclusion rests chiefly upon the low D:N ratios obtained 
in hypophysectomized-depancreatized animals, and depends upon a com- 
plete acceptance of the orthodox interpretation of the D: N ratio. We have 
dealt with the latter question in a previous communication (14) and do not 
wish to resume that discussion here. It is obvious, however, that if the 
ordinary values of the D:N ratio depend upon a formation of sugar from 
fat as well as protein, then the withdrawal of fat from availability by 
hypophysectomy will decrease the dextrose excretion without affecting the 
nitrogen and thus lower the D:N ratios obtained. 

The amelioration of the diabetic syndrome in depancreatized dogs by 
hypophysectomy, an operation which interferes with gluconeogenesis, is 
in accord with the hypothesis that diabetes as it occurs in the depancrea- 
tized dog or in diabetes mellitus is due to the overproduction of carbo- 
hydrate rather than a failure in utilization. This agrees with the earlier 
report of one of us (SS, 14) on the utilization of carbohydrate by com- 
pletely depancreatized dogs not receiving insulin, when maintained on an 
undernutrition diet composed solely of protein. These animals survived 
4 to 6 weeks and became progressively less diabetic the longer they survived. 
There was a progressive lowering of the D:N ratio, a gradual increase in 
the respiratory quotient, and an increasing retention of administered 
sugar, which had a protein-sparing and antiketogenic action. These 
criteria of ‘‘carbohydrate oxidation”? became apparent as the fat stores of 
the animal were depleted. From these results, which were subsequently 
confirmed by Ring (15), it was concluded that depancreatized animals are 
able to utilize carbohydrate; that the essential metabolic disturbance is an 
overproduction of sugar from protein and fat; and that these facts become 
apparent only when the fat stores of the body have been exhausted, 
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The hypophysectomized-depancreatized dogs in the present study be- 
haved similarly in all respects to the protein fed, undernourished, depan- 
creatized dogs described above. The differences between the two sets of 
animals are quantitative rather than qualitative. The animals in the 
previous study suffered a gradual and incomplete loss of body fat as the 
period of undernutrition progressed, while the present animals exhibited an 
acute loss of ability to utilize the ample fat stores which were present. 


SUMMARY AND CONCLUSIONS 


The hypophysectomized animal differs from the normal in that the latter 
derives sugar from both protein and fat, while the former is unable to 
convert the fat and, when its carbohydrate stores are depleted and exog- 
enous carbohydrate is not available, derives its blood sugar from protein 
alone. This hypothesis accounts for: 

1. The hypoglycemic effect of fasting in the hypophysectomized dog. 

2. The fact that protein (or carbohydrate) feeding maintains the blood 
sugar level of the hypophysectomized dog and alleviates the hypoglycemia 
of fasting, while fat is inert in both respects. 

3. The persistence of the hypoglycemic effect of fasting in the hypophy- 
sectomized animal even after pancreatectomy. 

4. The milder form of diabetes in the adequately fed hypophysectomized- 
depancreatized animal as compared to the depancreatized animal. 

5. The lack of ketonuria without regard to the degree of hyperglycemia 
and glycosuria in the hypophysectomized-depancreatized animal. 
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As in our previous analysis of the R wave (1) the method employed was 
to record the action potential at different points in a circular dise conduct- 
ing field with the heart at the center. Since the theoretical distribution of 
potential in sucha field due to charges near the center is known, the distribu- 
tion actually obtained around the heart may be compared with this known 
distribution, and the arrangement of charges in the heart responsible for 
the action potential may thus be deduced. In the R wave potential anal- 
ysis, it was found that the electrical changes within the heart which produce 
the initial ventricular potential complex are the successive growth and 
decay of two perpendicularly oriented electrical dipoles. The object of the 
present work was to determine the electrical changes in the ventricle 
responsible for the To wave deflection. 

METHOD AND EXPERIMENTAL PROCEDURE. Reference is to be made to 
the previous publication (1) concerning the initial ventricular potentials, 
where the general method is deseribed in detail. 

Two series of experiments were performed, the first on hearts well filled 
with blood, the second on hearts whose blood had been allowed to escape. 
As in the previous work, an electrogram, obtained by direct leads from the 
ventricular muscle wall, was recorded simultaneously with the potential 
curves from different points in the field. This served as a time reference 
for the field potential curves. Field records were taken at a distance of 10 
cm. from the center of the heart, on axes every 15 degrees around the heart 
The heart, as before, was placed at the center of the conducting field with 
its base at 90 degrees and its apex at 270 degrees. 

EXPERIMENTAL RESPLTS. The T potential deflection, much like the R 
complex, shows a progressive change in form from monophasic to diphasic 
and reverse, as the field electrode is moved around the heart. This change, 
however, is out of phase with the R complex change, and in general, the 
magnitude, form and duration of the T deflection are much more variable 
than those of the R. There is a definite progression in time of the wave 
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crests along the different axes. The potential curves along opposite axes 
are mirror images of each other, reflected across the base line. 

The records from the two series of experiments, one on hearts full of 
blood, the other on empty hearts, differed considerably in their character- 


istics. Two records obtained in an experiment on an empty heart are 
shown in figure 1. The lower curve of each of the records is that obtained 
from direct leads to the ventricular muscle wall. The maxima of the R 
and T deflections of this timing record marked synchronous points for the 


field potentials recorded in the upper curve. The record made on the 60 


Fig. 1. Two records from empty tortoise heart. Upper curves are records of the 
field potential at a distance of 10 em. and along the 60° and 135° axes respectively. 
The lower curve in each case is the electrogram recorded from direct leads on the 
ventricular wall. Calibrations in microvolts of the field potential curves are given at 
the right. The figure is approximately one-quarter the size of the original record. 


degree axis shows the characteristically high amplitude and elevated 
take-off of the T potential in empty hearts. The R and T deflections here 
are in the same direction, as they are in much the greater part of the field 
around empty hearts. The record made on the 135 degree axis shows a 
diphasic T whose chief deflection is opposite to R, as occurs on a few axes. 

The tracings of the records made along axes 15 degrees apart from 0 
degrees to 180 degrees of two hearts, one full of blood, the other empty, are 
given in figure 2. These records were chosen as fairly representative of the 
two series of experiments. The T potential is considerably greater in 
magnitude in the empty heart. The average maximum T potential was 
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85 per cent greater in the series of experiments on empty hearts as com- 
pared with the series on hearts well filled with blood. The corresponding 
increase of R potential in the empty as compared with the filled heart was 
less than 50 per cent. A part of this difference in magnitude of potential 
in the two series of experiments may be due to differences in resistance in 
shunting circuits within the heart when the heart is empty and when it is 
filled with blood. The difference in magnitude of the effect on the R and 
T potentials shows however that some other factor or factors, at least as 
regards the latter potential, must be different in the two cases. 

ANALYSIS AND Discussion. ‘The distribution of potential during the T 
complex in the conducting field surrounding the heart necessitates, as in 
the case of the R complex and that of the action potential of skeletal 
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Fig. 2. Tracings from field potential records taken at 10 em. from the heart and 
along axes 15° apart. Two experiments, one on an empty heart, the other on a heart 
well filled with blood. Vertical lines mark synchronous potentials. 


muscle, the assumption of electrical dipoles within the muscle as the funda- 
mental cause of the field of potential. It should be emphasized that this 
assumption, based on the mathematical-physical theory of potential, 
unique, in that by no other assumption of charge distribution is it possible 
to explain the potential distribution observed. 

An electrical dipole may be defined as two equal electrical charges of 
opposite sign a finite distance apart.2. The axis of the dipole is that of a 
line connecting the two charges. In an infinite lamina, or in a circular 
disc, the potential at any point in the field surrounding the dipole is a 
function of two variables, the distance of the point from the center of the 
dipole and the angle that a line connecting the point with the center of the 


2 In the current flow case, which is the one here considered, the dipole is main- 
tained, i.e., it consists of a source and sink of equal strength. 
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dipole makes with the dipole axis. The maximum potential is found 
along a line representing the extension of the dipole axis. For any point in 
the field at a certain distance from the center of the dipole, the magnitude 
of the potential relative to the maximum potential at that distance will be 
given by the projection of the line connecting the center of the dipole with 
the point at which the maximum potential is obtained, on the line con- 
necting the center of the dipole with the point in question.* This potential 
is positive or negative depending upon whether the point lies nearer the 
positive or negative pole of the dipole. Points which lie along a line at 
right angles to the center of the dipole axis are equidistant from the two 
charges of the dipole and their potential is zero. 

If the dipole is a transitory phenomenon, it has a period of growth and 
decay, and the potential may be recorded as a potential-time curve from 
any point in the field. The records thus obtained are all monophasic, 
except along the line perpendicular to the dipole axis at its center, where 
the potentials are zero. In the case of a single dipole, its axis, relative 
magnitude and form of growth and decay are completely determined by 
the potential-time curves recorded from the field surrounding it. 

When the potential-time curves from any part of the field are diphasic 
or of more complicated form, two or more dipoles are present within the 
field. In the case of two transitory dipoles, the axis, relative magnitude 
and form of each can still be determined by taking advantage of the fact 
that there exist two axes in the field along which one of the dipoles respec- 
tively produces no potential, and the potential-time curve along these 
axes is the result of only one of the dipoles. The curve obtained along this 
axis perpendicular to the axis of one of the dipoles will give the form of 
growth and decay of the other dipole. This curve will be monophasic 
since it is the projection of only one dipole. On one side of this axis the 
curves obtained will be diphasic, on the other side they will remain mono- 
phasic. This is true because the curve obtained on any axis due to the 
successive growth and decay of two dipoles will be monophasic if the 
projections of the two dipoles are of the same sign, and diphasic if these 
projections are of opposite sign. The curve along the axis perpendicular 
to one of the dipoles will thus represent the boundary between a mono- 
phasic and diphasic region of the field. For convenience this curve may 
be called an index curve. 

In a previous work it has been shown that two successive dipoles with 
asynchronous peaks and on different axes will explain to a close approxi- 
mation the potential distribution during the R complex. The same has 


3 If V, is the potential for a point lying on the extension of the dipole axis, the 
potential at any point, p, in the field lying the same distance from the center of the 
dipole is V’ = V, cos 6, where @ is the angle that the line from p to the center of the 
dipole makes with the dipole axis. 
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been found to be true in the present work with reference to the T complex. 
As indicated above, by finding two axes on which transition from mono- 
phasic to diphasic curves occur, the form and position of both dipoles can 
be determined. Thus in figure 2 at 105 degrees in the empty heart record, 
the first T dipole T, is zero, and the record on that axis gives the form of the 
second T dipole T;. TT; begins to add to T, in the same direction in the 90 
degrees record, and its effect in the opposite direction begins to appear at 
120 degrees. Similarly the record at 165 degrees gives the form of T,. 
In the full heart record, the 90 degree and 180 degree curves give the form 
of the two dipoles for the T deflection of that experiment. It may be 
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Fig. 3. In the upper half are shown the summations of the T dipole index curves in 
two experiments. In each case the solid diphasic curve is the resultant of the sum- 
mation; the broken curves give the tracings of the actual records taken half way be- 
tween the index axes. The lower half of the figure shows the orientation of the R and 
T dipoles in these two experiments. The solid lines represent the R dipoles, the 
broken lines the T dipoles. 


noted that the two T dipoles are not quite of the same form. In many of 
the experiments they differed greatly. 

If, then, these index curves give the form of the two T dipoles, and if 
each is on an axis perpendicular to the axis of the other dipole, they must 
be symmetrical projections of their respective dipoles, and therefore their 
summation should give the form of the diphasie record half way between 
them. Thus in each of these two experiments, if the index curves be 
added, a curve of the form of the respective 135 degree records should 
result. In the upper half of figure 3 these summations are given. The 
solid diphasic curve is in each case the resultant of the addition of the 
monophasic index curves, while the broken curve is a tracing of the 135 
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degree record. It can be seen that they are, in each case, of the same form. 
It is to be noted that since the records were taken 15 degrees apart, the 
position of the dipole indices cannot be determined more closely than that 
angle. 

The positions of the dipoles, of course, can be determined from the fact 
that the axis of each index curve was perpendicular to the other dipole. 
Then the axis perpendicular to index 1 is the axis of dipole T2, and vice 
versa. The signs of the dipoles are also determined from the signs of the 
indices, the sign of each index determining, of course, the sign of the nearer 
end of its dipole. In this manner the position and sign of the two T dipoles 
and of the two R dipoles may be determined. They are shown in the lower 
half of figure 3 for the two types of records. 

These dipole distributions are again fairly characteristic of the two types 
of experiment. The R dipoles are close to 90 degrees apart, the position 
of their positive poles being at 225 degrees and 315 degrees. Their position 
does not change when the heart is emptied. These characteristics of the 
R dipoles are remarkably constant throughout the two groups of ex- 
periments. 

The T dipoles, however, are extremely variable in position, magnitude, 
and angular separation. Thus the two T dipoles are greatly increased in 
magnitude and radically changed in position and angular separation when 
the ventricle is emptied of blood, while the R dipoles remain constant in 
position and increase in magnitude much less than the T. The axes of the 
T dipoles do not coincide with those of the R dipoles, and only occasionally 
are they nearly oppositely oriented. In the empty hearts, they always lie 
in nearly the same direction as the R dipoles, giving rise to records in which 
the R and T deflections are both in the same direction. Their most con- 
stant characteristic is that in full hearts one or both of their positive poles 
may be in the general region of the negative R poles, while in empty hearts, 
the positive T poles are always in the same semicircle as the positive R 
poles. 

On the basis of the theory of membrane depolarization and repolariza- 
tion (2) (3) as the source of action currents in general, the field about heart, 
muscle or nerve would, as a first approximation, be expected to conform to 
that due to two equal dipoles succeeding each other in time, on the same 
axis, but opposite in orientation. The first of these would result from the 
depolarization process, the second from the repolarization process postu- 
lated in that theory. A dipole distribution closely approximating this 
theoretical distribution was reported by us in a recent communication (4) 
as existing in the frog’s gastrocnemius muscle, the only discrepancy being 
the six- to ten-fold difference in the amount of electricity produced in the 
two processes. 

The dipole distribution found in the present analysis of the action 
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potential of the tortoise ventricle differs markedly from the simple distribu- 
tion predicted on the basis of the membrane theory. It is easily conceiv- 
able that the two R dipoles may be associated with a split depolarization 
process proceeding in two asynchronous stages on perpendicular paths. 
It is somewhat more difficult to understand why the repolarization process, 
by necessity also split, and thus giving rise to the two T dipoles, does not 
follow the same two paths. That is, assuming divided depolarization and 
repolarization processes, the predicted distribution would be that of two 
R dipoles separated in time and direction, followed by two T dipoles, each 
on the same axis as its corresponding R dipole, and opposite to it in direc- 
tion. The situation actually observed differs from this in that the T 
dipoles do not in general fall on the axes of the R dipoles, and furthermore 
shift considerably in direction upon altering the pressure in the ventricle by 
allowing its blood to escape. 
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Fig. 4. The total areas under the R and T curves expressed in microvolt sceonds. 
The open circles represent the R areas, the solid circles the T areas 


Another deviation from the theoretical distribution is, as in the case of 
the gastrocnemius muscle, the inequality of the amounts of electricity 
produced during the initial and final phases of the ventricular action 
potential curves. The quantities of electricity produced along various 
axes during the inscription of both the R and the T potential curves are 
given for the two types of experiments in figure 4. The diagrams express 
the quantity of electricity produced in terms of the areas under the poten- 
tial curves obtained along the various axes around the basal half of the 
heart. Around the apical half of the heart the curves would be the same 
except reversed in sign. For the full heart, the quantities of electricity 
produced during the inscription of the R and T curves over the greater 
portion of the field are opposite in sign; for the empty heart they are of the 
same sign. In both cases the R variation of electrical quantity as a func- 
tion of the angle is out of phase with the T variation. In each case only 
one axis can be found on which the R and T quantities are equal in magni- 
tude and opposite in sign. The sudden increase in the T quantity in figure 
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4 for the empty heart between 45 degrees and 60 degrees coincided with a 
sudden slowing of the heart between the times at which the potential 
records from these two axes were inscribed; no corresponding marked 
change can be found in the R quantity curve. The integrated quantities 
of electricity of each sign would in both cases be much greater for the T 
than for the R curves. In these two representative experiments, the 
maximum T quantity for the empty heart is nearly eight times as great as 
that for the full heart; the maximum R quantity, less than four times as 
great. Thus the amounts of electricity produced during the inscription of 
the R and T potential curves along various axes are in general unequal in 
magnitude, vary in the ratio of their magnitudes with the angle at which 
the potential is recorded, and may be opposite or the same in sign. 

While these marked differences from the characteristics expected on a 
consideration of the basic concepts of the membrane theory may conceiv- 
ably be explained as due entirely to differences in order, sequence, and rate 
of spread of the two processes of depolarization and repolarization (2), it 
appears more reasonable to assign these discrepancies to the presence of 
other, additional sources of electricity in the muscle. These additional 
sources may be related to physical and chemical changes occurring in 
activity, as was suggested in the case of the frog’s gastrocnemius muscle. 
On the basis of these added sources of tissue electricity, the failure of the 
T dipoles to coincide in direction with the R dipoles may quite easily be 
explained, and the effect of pressure changes in shifting the axes of the T 
dipoles becomes clear. For if such sources give rise to dipoles during the 
period of activity of the muscle, their effect on the initial muscle dipole or 
the R dipoles of the heart will be slight, since these occur at the onset of 
activity, before the gross chemical and physical changes associated with 
contraction. Their effect, however, on the T dipoles may be very great, 
since these develop and decay coincidentally with these gross physical and 
chemical changes. Considering then that the T dipoles actually observed 
are the summation of repolarization dipoles and these coincident activity 
dipoles, it can be seen that the direction, magnitude, and form of the curves 
of development and decay of the latter may be such as to change merely 
the magnitude and duration of the final phase of the recorded curves, as in 
skeletal muscle, or may greatly alter the direction of the resultant dipoles 
also, as in the heart. Since these activity dipoles must be somehow related 
in direction to the direction of the muscle fibers and of the contraction, it is 
obvious that their effect on the gastrocnemius muscle potential distribution 
must be more simple than their effect on that of the heart, because of the 
much more symmetrical arrangement of the fibers in the former muscle. 
Finally, it is clear that the shift of the T dipoles in direction upon emptying 
the heart of its blood may be due to a dependence of the activity dipoles 
on the pressure relations existing within the ventricular wall at the onset as 
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well as during the course of contraction. Such a dependence would cer- 
tainly follow if a major source of the activity dipoles were the phenomenon 
of streaming potentials. 


CONCLUSIONS 

The T potential distribution recorded in a conducting field around the 
tortoise heart accords with that due to the successive growth and decay in 
the heart of two electrical dipoles separated in direction. These dipoles 
are extremely variable in position, as contrasted with the constancy in 
position of the two dipoles accounting for the R potential, and vary in 
position markedly under experimental conditions which do not alter that 
of the R dipoles. The quantity of electricity produced during the inscrip- 
tion of the T potential curves is in general greater than that produced dur- 
ing the R, and may be of the same or of opposite sign. The functional 
relationship between the amounts of electricity and the angle at which the 
potential is measured is out of phase for the R and T quantities. The T 
quantity is affected to a greater extent than the R under varying experi- 
mental conditions. These findings are not readily interpreted on the basis 
of the reversible processes of the membrane theory alone. It appears that 
the assumption of sources of directed potential in addition to that asso- 
ciated with membrane repolarization, coexisting with the latter in the 
tissue, may very easily account for the various deviations from the distribu- 
tion of potential predicted on the basis of the membrane theory. 
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The relationship between the viscosity of solutions and the volume of 
substances dissolved or suspended has been subject to considerable investi- 
gation, both theoretic and experimental. Kunitz (1) has employed a 
formula obtained originally from a theoretical development of Einstein, 
which now has only empirical support. He found that it applied well to a 
large variety of suspensions. In this formula (1) 
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n is the relative viscosity of the suspension, that is, the ratio of the absolute 
viscosity of the suspension to that of the pure solvent, and ¢ is the volume 
occupied by the dispersed substance expressed as a fraction of the total 
volume of the solution. According to Hess (2), the relationship between 
the viscosity of the whole blood and the hematocrit value is hyperbolic and 
his view can be formulated as in (2) 

Vws. = xX 100 (2) 

100 — H 

in which Vy, is the viscosity of the whole blood, Vs is the viscosity of 
the serum, and // is the hematocrit value expressed in per cent. Hatchek 
(3) and others have stated that the relationship is linear. 

This study is based on a series of 503 cases, in each of which a simulta- 
neous observation was made of the viscosity of the whole blood, the viscos- 
ity of the serum, and the hematocrit value. The hematocrit value was 
determined in the usual way and the viscosity was measured in relation to 
water, by using the Hess viscosimeter. The data were analyzed by 
statistical methods, and formulas were developed which gave the relation- 
ship between the variables considered. In addition to the main series of 
503 cases, we also studied fifty-eight cases in which there was a diagnosis 


1 Now residing in Minneapolis, Minnesota. 
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of polycythemia vera, and in which the hematocrit value varied from 30 to 
84 per cent. An attempt was made to treat the entire group of data as a 
continued series, but we were not successful in finding a single curve that 
agreed well with both series simultaneously. It was therefore decided that 


ia 


f 
it would be safest, so far as curve fitting is concerned, to include only the 
503 cases in which there was no blood dyscrasia. 

In table 1 is given a summary of the descriptive statistical constants for 
the latter group of cases. A linear regression formula was fitted to the 
data to predict the viscosity of whole blood from the hematocrit value. 
This yielded equation (3) shown graphically in figure 1. 


Vwes. = 0.978 + 0.098 H (3) 


The predictions from the linear equation (3) agree reasonably well with 
the observed values of the viscosity of whole blood. No hyperbolic char- 


TABLE 1 


Statistical constants, 503 cases with no blood dyscrasia 


CORRELATION COEFFICIENT 


MINIMUM 

MAXIMUM 

STANDARD 
DEVIATION 


Viscosity, whole Hematocrit and 
blood... , 4.64 +0.025 ) viscosity whole 0.83 +0.030 
blood 
Viscosity, serum.... j 1.96 +0.004 Hematocrit and 0.12 +0.030 
viscosity serum 
Hematocrit value, | 
per cent... ae 37.47 +0.220 Viscosity whole 0.34 +0 030 
blood and vis- 


cosity serum 


acter in the relationship of the viscosity of whole blood to the hematocrit 
was noted when the data were studied this way. However, since the values 
for the viscosity of serum varied in the different cases, and since there is a 
small, but significant, correlation between these values and the viscosity of 
whole blood, it was necessary to study the relation as for a constant value 
of viscosity of serum. This was done by expressing the results of viscosity 
in terms of relative viscosity, that is, the ratio of the viscosity of the whole 
blood to the viscosity of a serum. A linear and also an hyperbolic regres- 
sion were fitted to give relative viscosity from hematocrit value. These 
regression formulas as determined were 


n = 0.608 + 0.047 H 


1 
~ 0.793 — 0.00888 H 


(4) 
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Fig. 1. Viscosity of whole blood and hematocrit values. 
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Fig. 2. Relative viscosity and hematocrit values. 
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VISCOSITY AND ERYTHROCYTE VOLUME OF BLOOD 


in which 7 is the relative viscosity obtained as the ratio of viscosity of whole 


blood to viscosity of serum, and H/ is the hematocrit value in per cent 
Neither of these equations or the observations agree with the values of 
relative viscosity given by formula (1), which was found by Kunitz to agree 
with observations made on a large variety of suspensions other than blood 
The values given by equation (1) for relative viscosity are two to six times 
as large as our observations, the ratio increasing with increasing hematocrit 
value. Our fitted hyperbolic equation (5) does not give as good an agree- 
ment with the observed means as does the fitted linear equation (4 
Neither agrees with the values of the hyperbolic formula_of Hess. Our 
values are consistently and considerably higher than those given by Hess 
These several formulas and comparisons are shown graphically in figure 2 

The observations made in the fifty-eight cases of polycythemia vera do 
not follow the extrapolation of the linear regression given for the cases in 
which there was no abnormality of the blood. The values of viscosity for 
large values of hematocrit are higher than would be predicted from the 
linear formulas given. This would tend to corroborate the idea that for 
higher hematocrit values than found normally, the relationship of viscosity 
to hematocrit value becomes hyperbolic. However, our series was too 
small to make it possible to make a quantitative estimation of this relation- 
ship and our equations were therefore confined to the series in which no 
blood dyscrasia was found. 


SUMMARY 


The relationship between viscosity of the blood and hematocrit value, 
the latter in the range of about 15 to 50 per cent, can be well expressed by 
linear formulas for which equations are given in the text. For values of 
hematocrit higher than about 60 per cent, found in patients who were 
suffering from polycythemia vera, the viscosity was higher than the values 
given by these formulas. If relative viscosity is measured as the ratio of 
viscosity of the whole blood to viscosity of the serum, the relationship of 
relative viscosity to hematocrit does not agree with the formula of Finstein. 
Our observations do not agree with the hyperbolic formulation of Hess. 
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Munk (1) discovered that when fatty acid is introduced into the intes- 
tine of a normal animal almost all of it appears in the chyle as neutral fat. 
Our investigation was undertaken primarily to ascertain if the intestine 
of a depancreatized diabetic dog has the ability to absorb fatty acid and to 
effect the synthesis of neutral fat. Or, can the intestine in the absence of 
insulin produce glycerol and combine it with fatty acid? The answer to 
this question is of special metabolic significance in view of the report of 
Verzar and Laszt (2) that monoiodoacetate and phlorhizin, which impair 
phosphorylization in muscle, prevent the absorption of fatty acid. 

In addition the lipoid phosphorus and cholesterol content of the chyle 
was followed in a few of the experiments. This was done because it is 
reported (3, 4) that the phospholipin and cholesterol content of intestinal 
lymph increase on neutral fat absorption in rabbits. 

Mertuops. In our experiments the absorption of the fatty acid from 
the intestine was studied by collecting and analyzing the lymph from the 
left thoracic duct. 

The normal dogs were fasted for 48 hours prior to the cannulation of the 
thoracic duct. The depancreatized dogs were given 8 or 10 units of insulin 
daily for 6 or 8 days after the operation. This dosage of insulin was about 
one-half that required to keep the urine sugar free. During this period 
they were fed a diet of fresh raw ground pancreas (200 gm. daily), ground 
cooked meat and milk. Insulin and food were then withdrawn for 48 hours 
prior to the cannulation of the thoracic duct, the blood sugar at the time 
of cannulation being found to be 220 plus milligrams per 100 ce. and the 
urinary suger from 4 to 7.5 per cent. The thoracic duct was cannulated 
under pento-barbital (nembutal) anesthesia. A fasting sample of lymph 
was collected, and then an oleic acid (0.5 ee. per pound body weight) emul- 
sion was introduced into the stomach by means of a tube. The fatty acid 
emulsion consisted of the following constituents: oleic acid (washed with 
hot water, 0.5 ec. per pound of animal), 2 grams sodium oleate, 2 grams 


1 National Research Council Fellow in Medicine, 1933-1934. 
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dried ox bile (ether insoluble fraction) and 10 grams of gelatin. The total 
volume of emulsion introduced into the stomach amounted to about 200 
cc. The lymph was then collected for from 6 to 13 hours. 

Total fatty acids were determined by the method of Bloor (5), free and 
total cholesterol by the method of Okey (6), lipoid phosphorus by the 
method of Kuttner-Lichtenstein (7), and the fat-soluble ester of glycerol 
by the method of Freeman and Friedemann (8). Duplicate analyses were 
always made. 

Resutts. The chyle of four normal and eighteen diabetic dogs was 
studied before and after the introduction of oleic acid into the stomach. 


TABLE 1 


Showing no appreciable difference between the glycerol content of the chyle of normal and 
diabetic dogs after administering 0.5 cc. oleic acid per pound body weight enterally 


NORMALS DIABETIC® 
GLYCEROL MGM. PER 100 cx GLYCEROL MGM. PER 100 cx 


| Dog 1 ] Dog2 | Dog3 | Dog 4) Dog 1! Dog2 Dog3 | Dog5 | Dog6 Dog7 Dog & 
Control ) 24 34 70-160 52 

234 

90 

117 

125 

135 

263 

296 

300 

286 

10 358 
11 
12 


* In diabetic dog 4 chyle ceased flowing after 4 hours. Glycerol in initial sample 
was 58 mgm., in 38rd hour sample 99 mgm. 


Of the eighteen diabetic animals only eight showed an increase in fat 
(table 1) by analysis, or drained milky chyle. In the remaining ten it was 
found that the stomach failed to evacuate the emulsion. This was evi- 
denced by the fact that post-mortem examination of these dogs, in contrast 
to the other eight, revealed little or no emulsion in the intestine, and the 
lacteals were not injected with milky chyle. 

The results on both the normal and diabetic dogs are shown in table 1. 
The results are expressed in milligrams of glycerol per 100 cc. of chyle. 
The glycerol determined is only that in the form of an ester soluble in fat- 
solvents, which serves as a true index of the neutral fat present (8). It is 
evident from the results that the depancreatized diabetic dog can absorb 
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fatty acid and can also convert the absorbed fatty acid into neutral fat. 
It does not appear that the synthesis is impaired by the diabetic state, 
although a statistical study would be necessary to settle this point. 


TABLE 2 
Showing the data of the analysis of the chyle obtained from normal dog 8 after 


CHOLESTEROL | 
TOTAL FATTY 


AcIDS 


VOLUME OF > 
ijLYCEROL JIPID 

LYMPE GLYCEROI LIPID 
Free Total 
mgm. per mgm. per mgm. per mgm. per gm. per 


hours 100 ce 100 ec 100 cc 100 ce 100 ce. 


2 (control) 2 23.8 18.5 36 .! 0.288 
3-4 38 60.5 3.7 24.4 63. 0.692 

137 28.2 73 1.350 

160 ‘ 28.2 92 1.510 

184 ) 33.4 136 1.690 


TABLE 3 
Showing data on thoracic duct chyle of diabetic dogs before and after the enteral 
administration of 0.5 cc. oleic acid per pound 


CHOLESTEROL 
VOLUME OF TOTAL FATTY 
GLYCEROL LIPID P 


LYMPH ACID 
Free Total 


mgm. per mgm. per gm. per mgm. per mgm. per 


hours 100 ce 100 ce 100 ec 100 ce 100 ce 


Control ; 32.8 9.25 0.40 40 120 
3 78 11 0.66 40 131 
210 14 78 131 

160 14 34 131 

110 11.- 58 129 


42 302 
63 510 
115 965 
125 060 
76 580 


21 223 

136 ) 072 

220 910 

226 ) 800 

18 180 110 


In table 2 are shown the results of a ‘‘complete’’ analysis in one of the 
normal dogs. Analogous results were also obtained in normal dog 
2. The rise in lipid phosphorus confirms the observations of Sillmann 


administering 0.5 cc. of oleic acid per pound body weight enterally 
DOG 
| 
Control 20 68 
3 47 68 
2 5 28 73 
7 28 63 
9 22 68 
Control 75 
3 87 
3 5 87 
7 87 
9 73 
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and Wilbrandt (3), who observed even a greater rise during the absorption 
of neutral fat in rabbits. The rise in cholesterol confirms the observations 
of Siillmann and Visscher (4) who observed a similar rise on feeding neutral] 
fat. 

The data in table 3 show that a rise in the lipid phosphorus of chyle 
occurs also on the absorption of fatty acid from the intestine of the diabetic 
animal; but surprisingly the cholesterol shows little change. 

Discussion. According to our knowledge the mode of formation of 
glycerol has not been demonstrated in the animal organism. It is apparent 
from our results that glycerol is readily available in the intestinal mucosa 
of the diabetic dog for the synthesis of neutral fat. While these experi- 
ments cannot be interpreted with certainty as proving that the diabetic 
animal can synthesize glycerol, we believe such a conclusion to be the most 
reasonable interpretation of the data. 

According to the results of Verzar and Laszt (2), the absorption of fatty 
acid and neutral fat is prevented in the rat by monoiodoacetate and phlor- 
hizin. If this is true phlorhizin and pancreatic diabetes differ in respect to 
fatty acid absorption, since the diabetic dog certainly possesses enzyme 
systems adequate for the absorption of fatty acid. If a phosphorylization 
process is necessary for the absorption of fatty acids, it is not definitely 
impaired in extirpation diabetes. 

We have no adequate explanation to offer for the failure to find a com- 
parable increase in the cholesterol content of intestinal lymph during the 
absorption of fatty acid in the normal and diabetic animals. The source 
of the cholesterol which causes the rise in normal dogs is unknown. It may 
come either from the intestinal cells or the lumen of the intestine. Since it 
is claimed by Dam and Starup (9) that esterification of sterols is necessary 
for their absorption, the absence of the rise may be due either to the absence 
of pancreatic secretion or to some metabolic defect in the cells of the mucosa 
due to the absence of insulin. The liver cannot be entirely ruled out (10), 
although it should be remembered that our dogs received insulin and raw 
pancreas, which prevents evident liver damage, until 48 hours prior to the 
experiment. The alteration of cholesterol observed, however, falls in line 
with the alteration of cholesterol metabolism that is generally recognized 
to occur in diabetes. 


CONCLUSIONS 
1. As in normal dogs, oleic acid is absorbed from the intestine of depan- 
creatized diabetic dogs largely as neutral fat and phospholipin. Thus, 
glycerol is freely available for neutral fat synthesis in the absence of insulin. 
Neither is phosphorylization of the absorbed fatty acid, as indicated by the 
rise in lipid phosphorus in the chyle, impaired. 
2. During the absorption of fatty acid, the free and total cholesterol 
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content of the chyle of normal dogs shows an increase which parallels that 
of the other fatty fractions. This increase is largely absent in the diabetic 
(depancreatized) dog. 
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Quantitative studies of the dissolved nitrogen in man have been pre- 
viously made only for short periods of time, chiefly in determinations of 
cardiac output (Bornstein, 1919). Measurements of nitrogen absorption 
and elimination not only give an approximation of cardiac output, but also 
afford a representation of the absorption and elimination of all chemically 
inert gases, specifically the inhalation anesthetics. In connection with the 
decompression of divers studies of the dissolved nitrogen are of immediate 
practical importance. 

This paper presents the application of certain principles from studies of 
the dissolved nitrogen in dogs (Shaw, Behnke, Messer, Thomson and 
Motley, 1935) to measurements of nitrogen in man. 

Mernuop. Inhalation of pure oxygen results in elimination of the gase- 
ous nitrogen dissolved in the tissues of the body. Oxygen can be breathed 
for a period of 4 hours in a closed system consisting of a helmet, cooling coil, 
spirometer, and soda lime cannister. Analysis of periodic samples of the 
circulating oxygen supplies the data for calculations of nitrogen elimination. 
The volume of the system was 40 liters so that the oxygen percentage at 
the end of an experiment did not fall below 96 per cent. The term “nitro- 
gen” is applied to the residual gas in the Van Slyke apparatus after oxygen 
absorption with hyposulphite. 

The nitrogen measurements were made on 3 healthy men of medium 
build who interrupted their usual activities to breathe oxygen at weekly 
intervals while resting on a cot. 

Resutts. Figure 1-A is typical of the results from 25 experiments on the 
3 men. The solid line represents the actual measurements of nitrogen 
elimination over a period of 4 hours on subject A. The broken line, 
drawn from calculations based on the experimental results, represents 
the nitrogen eliminated during the first 5 minutes (when oxygen replaced 
the air in the lungs and in the apparatus) and during the period following 

1 This research was aided by the Miriam Smith Rand Fund. 
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the fourth hour. Since these calculations indicate clearly the manner in 
which nitrogen is eliminated, they will be given in detail. 

The elimination or absorption of nitrogen with changes in pulmonary 
nitrogen tension is a function of the circulatory rate and can be represented 
by one or more exponential equations of the form, 


Y = A(1l — e“) 


A TOTAL N, 


x 


MINUTES 


Fig. 1. Curve A, nitrogen elimination or absorption of a young, well developed 
man weighing 60 kgm. Solid line drawn from experimental values, broken line drawn 
from calculations based on experimental values. Curve B, nitrogen elimination or 
absorption of the water and 16 per cent of the fat and lipoids in the body. Curve C, 
nitrogen elimination or absorption of 83 per cent of the body fat and lipoids. 


expressing the relationship that the nitrogen is eliminated from the body 
at arate which is a constant percentage of the amount present at any given 
time. Y represents the value for nitrogen eliminated during the time in- 
terval, ¢; A, the total nitrogen; k, the rate of change in the slope of the 
curve; and e, the natural base of logarithms. The expression 1 — e~* gives 
the percentage decrease of the total nitrogen during the time interval, t. 

In terms of k, equation 7 becomes 


(2) k log. A Y 


(1) 
7 
5 
B N, 
| 
t 
t 
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The value of A in terms of Y can be expressed as 


(3) 

provided that the time, f2, corresponding to the value for Y2 is twice that of 
t; corresponding to the value for Y;. In subject A, for example, the aver- 
age experimental value for the 5 minutes following the rinsing period of 5 
minutes was 116 cc.; and for the 10 minutes following the rinsing period, 
187 ec. (table 1, columns 4 and 5). Substituting these values in equation 


TABLE 1 
Nitrogen elimination during the first 5 minutes (rinsing period) and fro 


the 25th minute 


NITROGEN ELIMINATION 


Calculated Experimental 


Estimated Predicted 
from N: | from surface 
output area 


15 min 
25 min 


Ist min 
Total Ist 5 
min 
25 min 


5 


min 


< 


SUBJECT 
SURFACE AREA 


WEIGHT 


~ 


inches years 
95 165)\259 
124 188 
130 208 293 


Av. 116187|276 


63 ‘ 32 45.5.188'257 


93/158/248 
33 .0:143'233 97 160/253 


95 159 251 


100 179 298 
111184 278 
119 189 271 
110 184,282 


38 0/165 269: 


3, A = 299. With this value for A, the rate of change per minute in the 
slope of the curve, k, can be calculated from equation 2 as 0.098. With 
values for A and k, the nitrogen eliminated during the rinsing period of 5 
minutes (Y) can be obtained from equation 1. Since the experimental 
curve is extrapolated 5 minutes to the left of the point of origin at which 


actual measurements of nitrogen began, t has a minus sign, or, 


Y = 299 (1 — 8) 299 (1 — 
= 299 (1 — e949) = (—) 188 ce. 


ARDIA 
5) | (¢ 7 
= . ter Lite 
Av. | 
C-] 
C-2 
143 68 33 1.77 
Av 
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Using the same procedure, the calculated value for the first minute of 
oxygen breathing is 45.5 cc. Dividing this value by 0.96, the solubility 
coefficient of blood in vitro equilibrated with air (nitrogen tension did not 
exceed 580 mm.) at body temperature (Van Slyke, Dillon and Margaria, 
1934), and multiplying by 100 gives 4700 cc., a value which is an approxi- 
mation of the cardiac output during the first minute. The cardiac output 
of healthy individuals in the basal state can be predicted according to 
Grollman (1932) as 2.2 + 0.3 liters per square meter of body surface, giving 
in the case of subject A 3.6 + 0.5 liters. The value of 45.5 for the nitrogen 
eliminated during the first minute of oxygen breathing is, therefore, prob- 
ably correct within the limits of experimental error. The calculated values 
for nitrogen elimination during each minute up to the sixth are given in 
table 1, column 1. The measurements of Campbell and Hill (1931) of the 
nitrogen elimination during the first 5 minutes corroborate the values in 
column 2, table 1. 

A check on the method of calculation is obtained by extrapolating the 
experimental curve to the right and comparing the predicted value of nitro- 
gen elimination for 20 minutes (column 3, table 1) with the experimental 
values, column 6. The calculation, Y = 299 (1 — e~‘°-9%820) gives a 
value of 257 cc. In 6 experiments on subject A, the average of the values 
for 20 minutes was 265 ce. 

It should be pointed out that calculations of nitrogen elimination based 
on the values for 5 and 10 minutes hold good only for periods up to 25 
minutes. If the rate of change, k, in the slope of the nitrogen elimination 
curve for the whole body were constant, then the value for A would repre- 
sent the total body nitrogen, and accurate calculations could be made for 
the whole period of nitrogen elimination. The value for k, however, 
decreases as a result of unequal blood flow in relation to the nitrogen con- 
tent of the tissues. At the start of oxygen breathing the average nitrogen: 
tension in the blood is equal to the nitrogen tension in the different tissues 
of the body, and a maximum load of nitrogen is eliminated per unit of time. 
As the experiment progresses, the average nitrogen tension of the blood 
falls below the nitrogen tension in the slowly desaturating or fatty tissues. 
Consequently the percentage rate of nitrogen elimination decreases. The 
A value, based on the quantities of nitrogen eliminated at 5 and 10 minutes, 
more closely approximates the nitrogen in the body fluids, and does not 
include the large reservoir of nitrogen in the fat which is given up very 
slowly. More representative values for the total body nitrogen can be 
obtained by using the figures for nitrogen eliminated in 1 and 2 hours, or 
1.5 and 3 hours. The accuracy of the extrapolated values is usually 
limited to a period of time corresponding to that of the experimental values 
used in the calculations. 


The curve for total nitrogen, curve A, figure 1, can be conveniently rep- 
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resented by two exponential equations on the basis of a high val 
during the first hour and a lower value for & after the first hour. 

portion of the curve after the first hour be extrapolated to the left on the 
basis of its k value, then curve C, figure 1, can be drawn. The differencs 
between the nitrogen values for curve C and those of curve A are repre- 
sented by curve B. Curve A is thus the sum of two components, B and 
C, or 


Y = (B) 458 (1 — e—*-*) + (C) 382 (1 — « 


where Y is the total nitrogen eliminated from the body during time, ¢ 

The designations “fat”? and ‘water’ to curves B and C follow from the 
relation of nitrogen to its solvents. Since fat contains between 5 and 6 
times more nitrogen than water (Vernon, 1907) and since the capacity of 
the blood to carry nitrogen is about the same as water, nitrogen removal! 
from fat and lipoids will take 5 to 6 times longer than nitrogen removal 
from body fluids. It is a reasonable assumption, then, that the original 
nitrogen in the body fluids is eliminated at the end of the first hour accord- 
ing to curve B, figure 1. 

The nitrogen solvents of the body. While the division of nitrogen in rela- 
tion to its solvents is given approximately by curves B and C, figure 1, a 
more exact division follows from the quantitative analysis for water and 
fat in a dog used in the experiments of Shaw et al. (1935). The water was 
removed from the tissues of dog D by careful drying after preliminary 
treatment with 95 per cent alcohol. The fat and lipoids were extracted 
with carbon tetrachloride. The results: weight of dog, 12.234 kgm.; 
weight of fat, 1.889 kgm. (15.43 per cent) ; weight of dry solids, 3.117 kgm.; 
weight of water by difference, 7.228 kgm. The solubility of nitrogen in 
omental dog fat, 38°C., 570 mm., was found to be 5.57 ec. per 100 grams 
a value in agreement with the extensive studies of Campbell and Hill 
(1931). The solubility of nitrogen in water, 38°C., corrected to 570 mm., 
is 0.954 volume per cent (Van Slyke, Dillon and Margaria, 1934). Multi- 
plying the solubility values by the weights of fat and water in the dog: 


7.228 X 9.54 69 cc. of nitrogen dissolved in the water. 
1.889 X 55.7 105 ce. of nitrogen dissolved in the fat. 
Total nitrogen = 174 ec. or 14.2 ec. per kilogram. 


The measurements of the nitrogen content of dog D, including the calcu- 
lated value for nitrogen eliminated during the first 7 minutes (rinsing 
period), totalled 167 cc. With the exception of a small amount of nitrogen 
dissolved in hemoglobin, the nitrogen solvents of the body are water 
and fat. 

The total nitrogen content of subject A divided by the body weight, 60 
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kgm., gives 14 ec. of nitrogen per kilogram, or the same value as that for 
dog D. Further, the time required for nitrogen elimination in man, 98 
per cent in 6 hours, is twice the time required for the dog, and corresponds 
in the resting state to the ratio of the cardiac output per kilogram of dog 
to the output per kilogram of man. If the water content of the body is 
65 + 5 per cent of the total weight and if 70 per cent (the usual figure in 
metabolic studies (Lavietes, D’EKsopo and Harrison, 1935)) is used, then 
the product of the weight of the water, 42 kgm., and the solubility of nitro- 
gen in water, 9.5 cc. per kilogram, gives a value of 400 cc. The nitrogen 
in the fat and lipoids is 440 ec. (840-400). Dividing 440 by 55.7 gives an 
estimation of the amount of fat, 7.9 kgm. or 13.2 per cent of the body 
weight. 

The fat and lipoid content of the brain and spinal cord. The relatively 
high fat and lipoid content of the spinal cord in comparison with the brain 
is undoubtedly partly responsible for the susceptibility of this tissue to 
injury from nitrogen bubble formation in compressed air illness. In an 
extraction of the fat and lipoid substances from the brains and spinal cords 
of 5 dogs with carbon tetrachloride, 100 grams of brain substance contained 
4.8 grams of fatty material, waile 100 grams of spinal cord tissue contained 
27.8 grams of fatty material. The quantity of nitrogen absorbed by the 
spinal cord per unit weight is, therefore, about 2.5 times that absorbed by 
the brain. This fact, in addition to the poorer blood supply, accounts for 
the more rapid injury of the cord from nitrogen bubble formation compared 
with the brain. 

DISCUSSION AND APPLICATIONS OF THE EXPERIMENTAL RESULTS. Deter- 
mination of cardiac output. The experimental results in this paper do not 
permit any conclusions with reference to the accuracy of Bornstein’s nitro- 
gen elimination method for the determination of cardiac output. They 
suggest, however, the advisability of further study of this comparatively 
simple method either in the original or in a modified form. The main 
objections specifically applicable to the method, listed in the careful study 
of Marshall, Harrop and Grollman (1928), were essentially removed by 
their own experiments or by the work of subsequent investigators. The 
observation that constant values for nitrogen elimination cannot be 
obtained on untrained individuals may not necessarily invalidate the 
method. 

The absorption and elimination of inhalation anesthetics. The inhalation 
anesthetics are generally regarded as chemically inert, and consequently 
an index of their absorption and elimination will be given by the nitrogen 
elimination curves, A, B, and C, figure 1. For example, the time required 
for the body to come into equilibrium with a given tension of ether is repre- 
solubility in fat 


sented by figure 1, curve A, since the ratio for ether, —..---____ , is 
solubility in water 
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4.3—about three-quarters that of the corresponding ratio for nitrogen 
If ether elimination follows the nitrogen curve, then about 6 hours will be 
required for complete elimination following withdrawal of the anesthetic 

The absorption and elimination of anesthetics only slightly soluble in 
lipoids should follow curve B, while the elimination of members of the 
aliphatic group will be proportional to their solubility in lipoids. 

The decompression of divers. The application of the experimental results 
to the problems of deep sea diving will serve to emphasize certain funda- 
mental concepts. 

The nitrogen elimination experiments on dogs (Shaw et al., 1935) sup- 
ported three accepted generalizations, although the significance of the 
third is not usually realized. The principles may be briefly restated: a, 
with the same pressure head the rate of nitrogen absorption (saturation 
is equal to the rate of nitrogen elimination (desaturation); 6, nitrogen 
absorption obeys Henry’s law; and ¢, the time required for complete desatu- 
ration of the body is independent of the quantity of nitrogen absorbed, 
i.e., the same equation with the same constants applies to all experiments 
irrespective of the amount of nitrogen diffusing. 

If these principles are applicable to nitrogen absorption and elimination 
in man, curve A, figure 1, represents not only the nitrogen leaving the body 
when the partial pressure of nitrogen is lowered, but also the nitrogen ab- 
sorbed when the partial pressure of nitrogen is raised. Curves B and C, 
figure 1, indicate the uptake of nitrogen at increased pressures by the body 
fluids and lipoids respectively. 

The importance of the third principle and the understanding of its 
implications require further discussion. If, for example, the barometric 
pressure is raised to 2 atmospheres, the nitrogen absorbed after successive 
exposures of 30, 60 or 360 minutes will not only be eliminated in the same 
period of time but also at the same percentage rate when the barometric 
pressure is again lowered to 1 atmosphere. These statements indicate 
that the nitrogen solvents, fat, lipoids and water, are so distributed that on 
decompression after partial saturation the diffusion of nitrogen from the 
rapidly saturating body fluids into the slowly saturating lipoids and fat 
tends to equalize the partial pressure of nitrogen in the different tissues of 
the body. Thus, when the body is only in partial equilibrium with an 
increased nitrogen tension the lipoids and fat act as nitrogen absorbents 
when the pressure is lowered, and serve as buffers against bubble formation 
in the blood stream. Fat men with adequate circulations are, therefore, 
better suited for short exposures to excess pressure than lean men. 

If the results from the dog experiments are applied further, figure 2-A 
(from fig. 1-A, subject A) will represent nitrogen elimination after an 
indefinite exposure (e.g., 99 per cent saturation) to any given excess pres- 
sure (e.g., 4 atmospheres), while curve B represents nitrogen elimination 


144 BEHNKE, THOMSON AND SHAW 


after a 30 minute exposure (62 per cent saturation) to the same excess 
pressure. Thus the nitrogen elimination curve after partial saturation at a 
high pressure (62 per cent at 4 atmospheres) is indistinguishable from the 
nitrogen elimination curve after complete saturation at 2.48 (=0.62 Xx 4) 
atmospheres. Actually some tissues with a high fat and lipoid content, 
after partial saturation at a high pressure may not be completely saturated 
with nitrogen when the pressure is lowered to 1 atmosphere. For it is 


probable that the bone marrow, consisting largely of fat (as high as 95 per 


on 


B 90 


PER CENT SATURATION 


MINUTES 


Fig. 2. Curve A, reproduction of curve A, figure 1, indicates the percentage satura- 
tion of the body as a whole after an exposure to excess pressure for 30 minutes. The 
product of the pressure in atmospheres, the percentage saturation, and the nitrogen 
content of the body at 1 atmosphere gives the quantity of nitrogen absorbed. Curve 
B indicates the elimination of the nitrogen (absorbed in 30 minutes according to 
curve A) when the pressure is dropped to 1 atmosphere, based on the dog experi- 
ments of Shaw et al. (1935). 


cent) encased in bone, and dependent for its nitrogen absorption on a 
relatively poor blood supply (Campbell and Hill, 1933), requires many 
hours for complete saturation. The spinal cord may also saturate slowly 
because of a high fat and lipoid content (28 per cent). 

Duration of exposure to excess pressure with immediate decompression to 1 
atmosphere. It follows as a corollary that the same curve will represent the 
elimination of a given quantity of nitrogen irrespective of whether the 
nitrogen is absorbed at a low pressure over a long period of time or at a 
high pressure for a short period of time. If use is made of the empirical 
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fact that compressed air illness (excessive nitrogen bubble formation 
rarely occurs with immediate decompression, even after prolonged exposures 
to excess pressures, from 1.3 atmospheres (Haldane, 1922), or from even 
somewhat higher pressures (Japp, 1909), then the safe exposure time to 
excess pressures for subject A followed by rapid decompression (2 min. 
can be predicted from his nitrogen elimination curve (curve A, fig. 1). The 
‘alculations are easily computed by making the product of the excess 


iO 17 27 70 
MINUTES 


Fig. 3. Duration of exposure to excess pressure followed by immediate decompres- 
sion to 1 atmosphere, based on curve A, figures 1 and 2, and on the assumption that 
rapid decompression from +1.3 atmospheres (with the nitrogen tension of the body in 
equilibrium, i.e., 100 per cent saturation) is safe. 


pressure, P, and the per cent saturation of the body, R, equal to a con- 
stant, A, which has a value which lies between 1.3 and 1.5. For example, 


PXR=K 

1.3 X 100 per cent 
2.6 X 50 per cent 
3.9 X 33.3 per cent 


The time for any degree of saturation, FR, is given by the nitrogen elimina- 
tion curve. The method of computation is illustrated by figure 3. The 
results of these calculations have been verified by repeated diving tests 
(Kagiyama, 1934). 


SUMMARY 


The inhalation of oxygen results in the elimination of dissolved body 
nitrogen in equilibrium with pulmonary nitrogen. 
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The nitrogen content of a young, well developed man weighing 60 kgm. 
is 840 cc., or 14 cc. per kilogram, 98 per cent of which is eliminated with 
oxygen breathing over a period of 6 hours. 

If the assumption is made that the body is 70 per cent water, then 400 
cc. of nitrogen are dissolved in water and 440 cc. in the body fat and 
lipoids. Dividing 440 by the solubility coefficient of nitrogen in fat gives 
an estimate of 13.2 per cent for the body fat, in contrast with 70 per cent 
assumed for body water content. 

The fat from a well nourished dog of 12.2 kgm., extracted with carbon 
tetrachloride, comprised 15.4 per cent of the body weight and the water 
59.2 per cent. If these values are multiplied by the respective solubility 
values of nitrogen in fat and water, the nitrogen content of the dog per 
kilogram is 14.2 ce., or approximately the same as that for man. 

Nitrogen elimination follows an exponential type of curve, the slope of 
which is a function of the cardiac output.) The cardiac output in liters can 
be estimated by dividing the value for nitrogen eliminated during the first 
minute by the quantity of nitrogen dissolved per liter of blood. 

The rate of absorption and the time of elimination of inhalation anes- 
theties can be estimated from the nitrogen elimination curve on the basis of 

solubility in fat 
solubility in water 

During the decompression of divers who have been exposed for short 
periods (20 min.) to excess pressures, the fat and lipoids of the body act 
as nitrogen absorbents and serve as buffers against bubble formation. 
Under these conditions rapid decompression from relatively high pressures 
can be safely effected. 
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In an earlier publication (Rosenblueth, Leese and Lambert, 1933), 
action potentials from the smooth muscle of the nictitating membrane, 
trigonum of the urinary bladder, pilomotors of the tail and pregnant uterus 
of the cat were described. These were classified as ‘‘initial’”’ and “delayed”’ 
potentials, the “‘initial’”’ being correlated with the excitation of the muscle 
and the “‘delayed”’ with the contractile phase. 

In these earlier experiments, the potentials were recorded with a two- 
stage amplifier coupled by a condenser with a relatively short time-constant. 
With the acquisition of a new direct-coupled amplifier (Garceau and 
Forbes, 1934) which was designed especially for the recording of slow 
potentials of long duration, it seemed of interest to explore more carefully 
the time relations of the various phases of the electric responses of smooth 
muscle. 

The potentials recorded in the following experiments were obtained 
from the smooth muscle of the nictitating membrane, activated by stimu- 
lation of the cervical sympathetic nerve, from the fundus of the urinary 
bladder with stimulation of the pelvic nerve (thus including a preparation 
from the parasympathetic system) and the pilomotors of the tail activated 
by stimulation of the abdominal sympathetic chains. 

MetTHOop. Cats under dial anesthesia (0.65 ce. per kgm.) were used. 
The method followed for each of the three different preparations is given 
in the respective sections. 

The stimuli were induction shocks from paired coreless Harvard induc- 
tion coils. The stimulating electrodes were silver wires set about 6 mm. 
apart in small-bore rubber tubing. Maximal stimuli were generally used. 

The leads for recording the electrogram were either partially insulated 
silver needles, chlorided at the tips, or silver-silver chloride, agar-saline 
wicks, which were used to eliminate polarization effects and artefacts 
dependent on contact changes (cf. Controls). The grid lead was in all 
cases placed on the active tissue, and the ground lead on indifferent tissue. 

The Hindle string galvanometer and the camera described by Forbes, 
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Davis and Lambert (1930) were employed for recording the amplified 
electric response. A slack string was used (500 m/amp.). 

The myogram was recorded by means of a light aluminum heart lever 
which was made practically isometric by attaching the muscle close to the 
fulerum on the side opposite to the recording arm and making it pull 
against arubber band. The lever was placed near the camera in the beam 
of light from the galvanometer. 

For polarizing the tissue in the control experiments, several dry cells, 
usually 3 to 5, were connected in series with 600,000w, the wick electrodes 
and the tissue. The resistance of the leads in agar-saline solution was 
3,000w; that of the tissue, usually 7,000w. The two leads were also con- 
nected by a 200,000 resistance in the amplifier, which was thus in parallel 
with the tissue. The amount of current was varied by changing the num- 
ber of dry cells and the resistance in series with the tissue. The polarity 
was changed by means of a reversing key. The degree of polarization of 
the tissue, which was of the order of millivolts, was indicated by a meter 
in the output of the amplifier. 

Resutts. I. Nictitating membrane. Stimulating electrodes were placed 
on the cervical sympathetic nerve approximately at the level of the 
thyroid cartilage. For recording, agar-wick electrodes were used. One, 
the grid lead, was placed on the nictitating membrane, and the other on 
the connective tissue lateral to the eye. The membrane was in some cases 
tied to a lever for myographic recording and in others merely held by 
threads in a stretched position to eliminate artefacts caused by gross 
contact changes of the leads during contraction (ef. Controls). In the 
majority of cases, single shocks were used. 

A clearly reproducible sequence of potentials was observed in response 
to a single shock, as is illustrated in figures 1 to 3. Since the potentials 
obtained from this preparation will be used as a standard to classify those 
of the pilomotors of the tail and of the urinary bladder, they will be 
described in detail. 

After a latency of about 40¢ there is an initial, or “‘spike,’’ potential of 
relatively short duration—about 80 to 100e (fig. 1). This is almost always 
monophasic and will be called “I.” It is followed in the majority of cases 
by a slight pause, or period of equipotentiality, of 30 to 40¢ in duration. 
Then follows a larger and more prolonged potential, ‘II,’’ which is usually 
of the opposite sign. This may be either monophasic or diphasic (cf. 
figs. 1 and 2) and lasts for approximately 400c. Its latency from the 
moment of stimulation is approximately 160c. 

Following this potential there is sometimes again a slight pause, after 
which there occurs a third potential, “III.’’ This may take on one of two 
different forms and may be a composite of both. The first type of wave, 
“TIIa,”’ is relatively shorter than “IIIb,” though slightly longer than IT, 
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and may be monophasic (fig. 3B), diphasic (fig. 1A 


2). The second type, IIb, is a mu 


rhythmic (fig. 
potential, lasting throughout the period of contraction 


the baseline during or at the end of the relaxation pha 
3B). In these figures, is superimposed on 
Figures 2,3A and 3B show also the isometric myogram of the 


Figure 3 (A and B) indicates that the onset of contraction is correlated 
In none of the records obtained with t 


with the middle of potential IT. 
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Figs. 1,2and3. Electrical responses of the nictitating membrane to single 
and break shocks applied to the cervical sympathetic nerve 

In these and other records, the stimulus is marked by a sharp artefact in the string 
The numerals I, I], and indicate the corresponding 


record or by an arrow. 
10o. The rapid vibrations in 


potentials (ef. text) The units of the time scale are 
the base line in several records are artefacts due to inadequate shielding of the timer 
The figures are reduced one-half; the voltage (microvolts) per millimeter excursion 
is therefore given for the reduced record 


Fig F. A, B and © A series of responses to single shocks “ap ylie d ut 2} S¢ cond 
I I 2 


intervals. I and IT are easily distinguished; IIIa is diphasie. wv. mm 14.6 


August 2, 1934 
Fig A response toa single make shock show ing diphasic I] and poly phasi 
IIIa. A myogram accompanies the electrogram. The small potential, 7, is unique 
and probably of extraneous origin. 

Fig. 3. A. A response toa single break shock show Ingaty pical IIIb follow Ing the 
course of contraction. IL and [Ila are monophasic 

B. Same. The combination of I and the pause before 
wave (cf. text). _IITa is clearly defined and superimposed on IIIb 


August 9, 1934. 
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lever described above (cf. Method), does the beginning of contraction coin- 
cide with the beginning of II. The latencies of contraction from the 
moment of stimulation in figures 2, 3A and 3B are approximately 340, 220, 
and 360¢, respectively. 

The variations from the typical responses to a single shock are slight in the 
nictitating membrane. The spike potential I is almost always monophasic 
and usually opposite in sign to that of IT. Occasionally it may be reversed 
and, being then of the same sign as IT, can be recognized only by its latency 
or by a dip separating the peaks of the two waves. Or, again, I! may be- 
gin so early in the falling phase of the initial potential that a square-shaped 
wave results as in figure 3B. In a few cases I may be completely reduced 
through some condition of recording and leave only IT. 

II may be monophasic or diphasic, the diphasic wave having approxi- 
mately the same total duration as the monophasic wave. If one considers 
that the pauses or periods of equipotentiality are produced by the insertion 
of small potentials between the dominant phases, IT may be considered 
more complex. The sharpness of the break in the falling phase of I seems 
to indicate that the first pause belongs to IT. In figure 1A, the second 
pause is Clearly shown; in figures 1B, 1C and 3B it is revealed by the change 
in the slope of the falling phase of IT. The abruptness of this change 
suggests that the second pause probably belongs to IIIa rather than to IT. 

The variations in IIT have already been noted. I11b is not always oppo- 
site in sign to the first phase of II as in figure 8B, but may be of the same 
sign. 

IT. Bladder. The pelvic nerves to the bladder were cut on the two sides 
and one or both placed upon the stimulating electrodes described above. 
The hypogastric nerves were also cut, so that the bladder was completely 
denervated. In some cases they too were stimulated. 

The recording leads were in a few cases Ag-AgCl! needle electrodes but, 
in the majority of cases, the agar-wick non-polarizable electrodes already 
referred to (ef. Method) were used. One of them, the grid lead, was placed 
on various parts of the fundus of the bladder or trigonum, and the other, 
the ground lead, was usually placed on the connective tissue of the leg 
opposite to the side stimulated, in order to avoid artefacts from spread of 
stimulus. Maximal shocks were used. 

The ureters and the urethra were not tied, so that the urine was free to 
enter the bladder and to leave during contraction of the fundus. Reflex 
emptying was, obviously, impossible in the denervated preparation. 

The bladder was partially fixed by tying the tip of the fundus to a 
supporting rod, and was in all cases lifted out of the body cavity. 

Myograph records were obtained simultaneously in some cases by attach- 
ing a hook to a visibly contracting part of the muscle and placing the 
recording electrode close to the hook. The time relations of such a record 
are unreliable, because of the complexity of structure of the bladder. 
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The electrogram of the bladder is more irregular and complex t 
of the nictitating membrane or that of the pilomotors of the tail 
more of the three potentials described in the previous section 
missing or confused. The component IIT is so large in some prepara 
even with reduced amplification, that I and IT appear relatively 
cant. This was true in many of the preliminary experiments, so that II 
was overlooked. A comparative study of many records shows, however, 
that IT is present in the bladder and that the sequence of potentials is 
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Figs. 4,5, 6and 7. Electric responses from the fundus « 
shocks applied to the pelvic nerve 

Mie. 4. A. B.C and D. Responses obtained with 
June 6, 1934 

A. Response obtained early in the experiment, showing T, [Land IT]Ta 
and the following records, indicates the pote ntial derived from the ureter (cf 
6.2 

Bb. C and D Response s obtained from one position at slightly different times 
later in the same experiment showing changes in the phases of I]. Dotted lines indi 
cate approximately the beginnings of TI and Illa according to their respectis 
latencies. B. wv.) mm 

Fig A Responses obtained with wick electrodes showing IT, particu arly 
is less clear; IIIa and IITb are fairly well marked. wv. mm 3.6. November 22, 
1934. 

B. A rhythmic response, I]la, obtained from the fundus in response to a single 
shock. Film, much slower. yvv. mm 16.6 June 12, 1934 

Fig. 6. I1[b is shown without a myogram. I is superimposed on the end of the 
artefact; IL is doubtful. mm. = 3.2. June 28, 1934 

Fig. 7. This record shows IIIb and the myogram occurring at the same time 
and IT are fairly well developed. wv. mm. = 11.1. August 8, 1934 
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similar to that of the nictitating membrane and of the pilomotors. In 
several of the records there occurs a potential which accompanies the 
spontaneous contraction of the ureters and is transmitted to the bladder 
(see figs. 6 and 7). 

Figure 4A represents a response of the bladder to pelvic-nerve stimula- 
tion recorded with Ag-AgCl needle electrodes. Of all the bladder records, 
it is most like the typical electrogram of the nictitating membrane pre- 
sented in figure 1. The lateney of I is about 40¢. This is longer than 
might be expected, considering the short length of nerve the impulse must 
travel, but possibly may be accounted for by cooling of the exposed bladder. 
The spike lasts 70¢ and is followed, without pause, by II, which is opposite 
insign. The latency of IT is 100¢, its duration 160¢. In this record there 
is a perceptible pause after IIT, which lasts 800 and is then followed by 
IIIa, with a latency of 350c. 

Figures 4B, 4C and 4D show variations in the response obtained from 
the same preparation later during the course of the experiment. If ana- 
lyzed with reference to 4A, the various potentials may be recognized as 
indicated in the figure. 

Figure 5A shows a response obtained in another experiment with wick 
electrodes. I is apparently present, though, as in figure 4A, there is no 
sharp demarcation between I and Il. IIIa and IIIb both occur. The 
myograph shows contraction beginning at the end of IT (ef. fig. 7). Figure 
5B illustrates a type of response obtained in several experiments from the 
fundus of the bladder upon stimulation of the pelvic nerves. — It is a series 
of waves, apparently IIa, superimposed on a long slow potential, probably 
IIIb. In this case neither I nor IT is present. 

Figure 6 shows I with little or no II and a large IIIb. In figure 7 a 
myogram accompanies the electrical record. In this case, as in figure 5A, 
the contraction apparently begins at the end of IT, with a latency of 480c. 
I has here a latency of less than 400 and a duration of 600. II lasts 250c, 
and III probably begins 350¢ after the stimulus. 

The responses of the trigonum upon stimulation of the hypogastric nerves 
were similar to those obtained from the fundus on pelvic stimulation. — I 
and III have been demonstrated before (cf. fig. 4, Rosenblueth, Leese and 
Lambert, 1933), while II has been obtained in more recent experiments. 
They do not therefore require any further illustration. 

If all these records are considered, there is evidence for three different 
potentials which may be obtained in the bladder as a response to a single 
shock. Due to the complex structure of this organ, the whole series is 
difficult to obtain in a single record as clearly as in the nictitating mem- 
brane. On the whole, however, the electric response of the smooth muscle 
of the bladder to both pelvic and hypogastric stimulation corresponds 
closely to the response of smooth muscle of the nictitating membrane and 
of the pilomotors (ef. sections I and ITT). 
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III. Pilomotors of the cat’s tail. Wick electrodes were placed on the 
shaved surface of the tail of the cat or concentric needle electrodes (Adrian 


and Bronk, 1929) were inserted subcutaneously for recording. “The stimu- 
lating electrodes were applied to the sympathetic chains in the lumbar 
region. 


The responses obtained with the wick electrodes were wholly comparabl 
to those obtained with the concentric needle electrodes (cf. Rosenblueth, 
Leese and Lambert, loc. cit., fig. 3B) and to those from the nictitating 
membrane (fig. 1A). The time relations correspond well to those of the 
nictitating membrane, though some phases are more prolonged. The 
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Fig. 8. Electric responses from the pilomotors of the tail to sing hocks applic 
at 1 second intervals to the sympathetic chains. November 2, 1934 
A. A series early in the experiment. Two responses to single shocks and two t: 


land 2 pairs of shocks. ywv. mm. = 16.6 
Band C. A continuous series of responses obtained later, showing facilitation and 
summation (cf. text). wv./mm. = 10.0 


latency of I, longer because of the greater length of nerve between stimulus 
and muscle, is 115¢, its duration 1l5¢. The duration of the pause bet ween 
I and II varied from 40¢ in the fresh preparation (fig. SA) to 140¢ later in 
the same experiment (figs. 8B and 8C). The lateney of IT is also variable, 
2300 or more, its duration 520¢ to 600¢. IIT was not obtained in response 
toasingle shock. In one or two cases, however, a series of shocks produced 
a long, slow, third wave which resembled IIIb. 

Figure 8 (B and C) is a continuous record showing an apparent facilita- 
tion in the electric response, i.e., an increased response to a stimulus of the 
same strength. It is notable that both I and IT increase in size in this case. 
The same figure (A and C) shows the effect of two closely spaced stimuli, 
separate I waves of the same magnitude and large summated IT potentials. 

The latencies and durations of the three components of the electrogram 
in the three muscles studied are summarized in table 1. 
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The latencies for contraction were as follows: nictitating membrane, 220 
to 3600; bladder (pelvic), 480¢. Brown (1934) has reported a latency of 
1500 for the contraction of the nictitating membrane. The latter figure 
is undoubtedly more accurate than those obtained here with a less sensitive 
myograph. 

Controls. In one of our early experiments upon the bladder, it was 
observed that a deflection similar to IIIb, the large third potential particu- 
larly evident in the bladder (cf. figs. 6 and 7), could be produced by passive 
movement of the silver-needle grid electrode. This suggested that IIIb 
might be due to a change of resistance in the recording circuit as the con- 
tact of the lead with the naturally polarized tissue was mechanically dis- 
turbed during contraction. That the tissue itself was a possible source of a 
constant potential was indicated by an initial polarization of 4 to 20 my. 
in most of the nictitating membrane and bladder preparations. To elimi- 
nate the changing polarization of the leads as a possible source of potential 
and to reduce the amount of contact change of the electrodes, Ag-AgCl, 


TABLE 1 


1 Il It 
Latency Duration Latency Duration Latency Duration 
Nictitating membrane. ... 40 80-100 120-200 280-440 400-600 1000+ 
Bladder 30- 50 10- 90 100-120) 120-200) 320-390): 1000+ 
Pilomotors 60-120 115-140 200-250 520-600 


agar-saline wicks were used in place of the Ag-AgCl needles. With the 
wicks the only detectable change in contact during contraction was a slid- 
ing of the fibers under the agar-saline junction of wick and muscle. Never- 
theless, IIb still appeared as large as before. 

In several experiments a thread was attached to the wicks, and the sliding 
contact was imitated by pulling the wick along the surface, or the area of 
contact was changed by raising or lowering the wick. Neither type of 
contact change produced a potential of the same magnitude as that devel- 
oped during contraction. It seemed apparent, therefore, that the change 
of resistance dependent on surface contact could be only partially respon- 
sible for IIIb, if at all. 

As a further test, the tissue was polarized in alternate directions from 
an outside source through the electrodes (cf. Method). If IIIb depended 
exclusively upon a change of resistance--whether due to variations in 
contact of the electrodes or in the shape or blood supply of the tissues 
during contraction—its sign should reverse with the direction of the 
polarization (tissue plus outside source). If, on the other hand, IIIb 


should represent a change in the initial polarization of the tissue, even 
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though this change would necessarily involve a variation in resistance, 
its magnitude and sign should be partially independent of the polarization 
imposed from the outside source. 

This test was applied to the bladder in 6 animals and to the nictitating 
membrane in 2 cases. In 3 of the 8 experiments no reversal took place 


although the polarization was carried to 28, 92, and 120 mv., respectively, 


in the direction opposite to that of the original polarization of the tissue 
In 2 other cases a change in the sign of IIIb occurred, but only when the 
counter-polarization had been carried to 64 and 100 mv., respectively. In 
3, finally, reversals occurred close to 0 polarization. 

In the majority of the tests the relatively small electrical effects corre- 
lated with changes of contact of the grid electrode (passive movement) were 
found to reverse quite independently of the changes in the response to 
stimulation. In those cases in which the contact effect was the same in 
direction as the response to stimulation and reversed with it, the former was 
always much smaller. 

Various other controls such as stretching the bladder, changing its 
initial distension and the initial tension of the nictitating membrane 
indicated that the responses were independent of these factors. 

The potentials I and II, when present, were never reversed in the pre- 
ceding experiments. 

These controls indicate that I and II do not depend on resistance changes 
either at the contact of the electrodes on the surface of the muscle or within 
the muscle tissue, since they were never reversed with a reversal of the 
polarizing current. II was sometimes displaced from the baseline in one 
direction or the other (during strong polarization) without a change in 
sign, when IIIb (which, in this case, began in the middle of II) was reversed. 
IIIa was also found to be independent of the reversal of the polarizing cur- 
rent. IIIb was almost entirely independent of changes of resistance at the 
contact of the electrode and muscle. Furthermore, it frequently did not 
change in sign even when relatively large polarizing currents of opposite 
direction were applied. We therefore conclude that IIIb, like I, II and 
IIIa, is due probably to a change in the polarization of the muscle (cf. 
Bacq and Monnier, 1935). 

Discussion. In our previous classification of the potentials obtained 
from smooth muscle (Rosenblueth, Leese and Lambert, 1933), the spike 
potential was called the “‘initial’” potential and tie isms sotential asso- 
ciated with contraction, the “delaved”’ potential. + rison of the 
potentials described previously with our present setie ‘ates that the 
initial potential was sometimes equivalent to I of cus present schema, 
sometimes a composite of I and II, and that the delayed potential was 
either II or III. Thus in figure 2 (Rosenblueth, Leese and Lambert, 
loc. cit.) some of the initial potentials are polyphasic and probably com- 
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posites of I and II, and the delayed potential is III. In figure 4 (loc. cit.) 
the initial and delayed potentials from the bladder are I and III, respec- 
tively, whereas, in figure 3 (loc. cit.), the delayed potential from the pilo- 
motors of the tail is IT. 

With the present systematization, there is probably not an absolute 
equivalence of all phases of the electrograms from the three types of smooth 
muscle described. In the three muscles, I is of practically the same dura- 
tion; its latencies correspond well if the differences in the length of nerve 
for the various preparations are considered. Potential II, on the other 
hand, is variable in duration, being shortest for the bladder and longest 
for the pilomotors. The latencies of II with respect to I also vary; it 
generally follows I, immediately, in the bladder, with no clear separation 
between the two, whereas, in the nictitating membrane and the pilomotors, 
there is usually a distinct pause between I and II. The potentials IIIa 
and IIIb are evident in both the nictitating membrane and the bladder, 
but have not been clearly identified in the pilomotors. 

It is possible that the variability of II may be due to the different condi- 
tions of electrical recording in the three preparations because of their struc- 
ture, rather than to intrinsic differences in the physiological patterns. 
This may be especially true in the bladder, of which the innervation as 
well as the structure is complicated (cf. Gruber, 1933). 

From the results described here and from the electrograms of cats’ uteri 
reported previously (Rosenblueth, Leese and Lambert, 1933), it appears 
that no simple schema will cover all the electric responses found in 
smooth muscle. Thus, the only electric response of the pregnant uterus 
which we have been able to record (Rosenblueth, Leese and Lambert, 
loc. cit.) is a rhythmic pattern occurring during contraction, whether this 
contraction appears “‘spontaneously”’ or is evoked by repetitive stimula- 
tion of the nerves. In terms of the present systematization, these poten- 
tials might be IIIa, but a complete analogy cannot be affirmed until further 
data are available. 

There may be some correlation of the type of electrogram with the 
physiological properties. of the different muscles. The nictitating mem- 
brane, the pilomotors and the bladder (both pelvic-fundus and hypogastric- 
trigonum) are neuromuscular systems which respond to single shocks (non- 
iterative), while the uterus probably requires iterative stimulation. This 
physiological difference might be responsible for the lack of correspondence 
in the electrograms. 

Monnier and Bacq (1935) studied the initial potentials of the nictitating 
membrane. They used a KC] electrode to depolarize a region of the muscle 
and a d’Arsonval-Lapicque wick as an active lead. They do not dis- 
tinguish the two components I and II described above (figs. 1 to 3) but 
discuss only an inconstant monophasic response, which decreases in ampli- 
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tude and disappears after a few stimuli, even when applied at intervals of 1 
per second. They conclude that they are dealing with the ‘‘action poten- 
tial” of the membrane—i.e., with the electrical phenomenon corresponding 
to the spike potential of striped muscle. They summarize in a table the 
latencies and durations of this potential in four animals (see column headed 
“Before injection of 933F”’ in their paper) and give the following figures: 

Latencies: 175, 137, 65 and &8c. 

Durations: 41, 333, 57 and 104c. 

A comparison of our latencies and durations of I and II in the nictitating 
membrane (cf. table 1, p. 154) with these figures is difficult because of the 
considerable variability in their four observations. Their latencies are, 


however, all greater than our average for I, and the first two are of the 
order of magnitude of II, not I. Their records are not clear enough to 
decide which of the potentials they recorded, I or II, for the stimulus arte- 
facts last well into the responses—a fact which is not surprising, since the 


stimuli used were discharges from a condenser of a capacity of 11 uF. 
It is probable, however, that what Monnier and Bacq recorded was not the 
spike potential I, but II, and that I was entirely masked by the stimulus 
artefact. If this interpretation of their figures and records is correct, it 
follows that the several conclusions they derive from the behavior of the 
“action potentials” of smooth muscle under the influence of diverse drugs 
are premature. 

We disagree with the statement on the inconstancy and fatigability of the 
initial potentials. In all the cats studied thus far (30) in the present and 
the previous report (Rosenblueth, Leese and Lambert, 1933) we have 
always been able to demonstrate I and almost invariably II.  Further- 
more, we have never encountered with slow frequencies of stimulation the 
decrease and rapid disappearance of either I or IT which Monnier and Baeq 
stress. A slight equilibration of both I and II is sometimes observed 
(fig. 1) but a steady state is rapidly attained with no significant subsequent 
decline. It is possible that the KC] electrode employed in their experi- 
ments not only depolarized the underlying region of the muscle, but 
injured the whole tissue, thus impairing the entire electric response. 

The component IIIb is similar in character and time relations to the 
potentials described by Bacq and Monnier (1935) in the nictitating mem- 
brane, the bladder, the uterus and the vas deferens. They conclude that 
these potentials denote a depolarization of the muscle which precedes and 
is the cause of contraction. Our experiments support the conclusion that 
the source of these potentials is a depolarization associated with the con- 
tractile process (section IV, p. 155; ef. also Dubuisson, 1934). We do not 
agree, however, with their conclusion that IIIb precedes the contraction 
evoked by nerve stimulation. Their records (figs. 1 and 7 in their paper) 
do not show clearly that the electrogram precedes the mechanogram, nor is 
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their time scale (seconds) adequate for an accurate analysis which would 
require discrimination of milliseconds (cf. table 1, Section III). Further- 
more, their myograms are isotonic, which are inadequate to reveal the 
exact onset of contraction. Our own records do not allow any precise 
conclusion in this respect, for the mechanogram was not sufficiently accu- 
rate (cf. Brown, 1934; cf. also p. 154). If IIIb is analogous to the wave 
“T” of skeletal muscle (Bishop and Gilson, 1927; discussed by Dubuisson, 
1934), as we are inclined to believe, it should be strictly simultaneous 
with contraction. An exact determination of the beginning of IIIb is 
probably impossible, however, for contraction begins at least as early as 
the middle of II (cf. figs. 2 and 3), and Brown’s latency indicates that in 
the nictitating membrane contraction starts nearer the beginning of, if not 
completely coincident with, II (ef. table 1 and p. 150). In any case, 
therefore, whether II1b begins simultaneously with contraction or precedes 
it, its gradual onset would be masked by II. In most of our records, IIIb 
was not clearly detectable during II and hence is classified as following I] 
(ef. p. 150). Our most direct evidence that II[]b may begin during IT is 
that, in the case of the bladder already described (p. 155), the onset of IIIb 
was so intensified by the outside source of polarization that the end of II 
was displaced. 

The interpretation of the different components of the smooth-muscle 
electrograms described above can be attempted only very tentatively, for 
such a discussion is necessarily speculative in view of the paucity of data 
available. 

The recent knowledge of chemical mediation of autonomic nerve impulses 
(cf. Cannon, 1933) suggests the following sequence of events when the 
nerve impulse reaches the effector: a, the mediator is liberated in the 
innervated cells, b, it diffuses throughout the muscle (cf. Rosenblueth and 
Rioch, 1933); c, it combines with the receptive substance (Cannon and 
Rosenblueth, 1933); d, contraction ensues, which implies additional chem- 
ical changes. 

It appears plausible then to correlate I with a, as was previously sug- 
gested (Rosenblueth, Leese and Lambert, 1933); II possibly with c 
or d; and IIIb with d. The source of IIIa, the rhythmic response, is 
unknown at present. It might be possible that the diffusion (b) of the 
mediator from cell to cell is so slow that each wave of IIIa might repre- 
sent a new set of elements brought into play, but such a suggestion must 
await further evidence. It is interesting to recall that rhythmic potentials 
were found also in another autonomic effector, the submaxillary gland 
(Rosenblueth, Forbes and Lambert, 1933). 


SUMMARY 


The electric responses obtained from the nictitating membrane upon 
stimulation of the cervical sympathetic nerve, from the fundus of the 
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urinary bladder upon stimulation of the pelvic nerve (parasympathetic 
and from the pilomotors of the tail upon stimulation of the abdominal 
sympathetic chains were recorded. 

A direct-coupled amplifier allowed a more accurate study of the latencies 
and durations of the various potentials obtained than had been previously 
reported (Rosenblueth, Leese and Lambert, 1933). 

A systematization of the potentials obtained in response to a single shock 
into four components, I, II, IIIa and IIIb, is given in place of the previous 
classification, “initial” and ‘‘delayed”’ potentials, already described. 

The potential I corresponds to the former initial potential and the spike 
potential of striated muscle (cf. figs. 1, 4A and 8A; cf. also Discussion, p 
155). 

Potential II was not clearly distinguished from the initial or delayed 
responses in our previous paper (Rosenblueth, Leese and Lambert, loc. cvt.). 
It follows I almost immediately and either slightly precedes contraction or 
possibly is simultaneous with it (cf. Discussion, p. 158). 

IIIa follows II during contraction and may be monophasic, diphasic or 
polyphasic, becoming repetitive in some cases (cf. figs. 1, 2 and 5B). 

IIIb corresponds to the delayed potential previously described (loc. cit.). 
It is a long, slow wave which follows closely the course of contraction (cf. 
figs. 3 and 7). 

Controls indicated that IIIb is not an artefact dependent upon changes 
of resistance due to changes of contact of the electrodes, or due to changes 
of shape and blood supply of the tissue during contraction (cf. Controls, 
p. 154). 

The results recently reported by Monnier and Bacq (1935) and Bacq and 
Monnier (1935) are discussed with reference to the schema presented here 
(ef. Discussion, p. 156). 

A correlation of the potentials I, II, Ila and IIIb with the physiology 
of chemical mediation is tentatively suggested (cf. Discussion, p. 158). 
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The suggestion that methylene blue should be used as an antidote in 
cyanide and carbon monoxide poisoning was first made by the writer 
(Brooks, 1932, 1933), and it was first successfully used in both types of 
poisoning by Geiger (1932, 1933). Since that time there have appeared in 
the literature many articles as to the mode of action of this dye in both 
types of poisoning. 

One theory advanced by Hug (1933), and favored by Wendel (1933, 
1934), Henderson (1933), Haggard and Greenberg (1933) and Hanzlik and 
Richardson (1934) is based upon the assumption that methylene blue, and 
also nitrites, produce methemoglobin in the bloodstream, and this subse- 
quently unites with CN to form cyanmethemoglobin. This stable com- 
pound is then spoken of as having withdrawn the cyanide from active 
participation in body processes, thus accounting for the favorable influence 
of both agents in cyanide poisoning. But because of this same line of 
reasoning Henderson (1933) and Haggard and Greenberg (1933) postulate 
that methylene blue should not be used in cases of carbon monoxide 
poisoning, since by presumably changing oxyhemoglobin to methemoglobin 
it would act as a synergist rather than as an aid to resuscitation. 

However, this hypothesis does not explain certain experimental observa- 
tions made by the writer, and further studies described in the present paper 
show why it is not properly applicable to the therapeutic use of methylene 
blue. The question revolves mainly around the cyanide derivatives of 
hemoglobin. When washed red blood cells from fresh defibrinated blood 
were used in vitro and in experiments in vivo, it was always found by the 
writer that the blood became bright red on the addition of cyanide. Kobert 
(1900) and also Cook (1928) noted this with defibrinated blood. On the 
other hand, Barnard (1933) found that when cyanide was added to crystal- 
lized methemoglobin, a dark brown substance was formed. He found 
further that the absorption spectrum of this substance was identical with 
that for methemoglobin, the primary maximum of both lying at 540 mu. 


! Preliminary publication, Proc. Soc. Exper. Biol. and Med. 31: 1134, 1934; 32: 
1113, 1935. 
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The confusion which seems to prevail in the literature concerning the 
identity of the substance formed when CN is present in blood appears to 
have resulted from failure to recognize the existence of these two distinct 
derivatives of hemoglobin, and of the acid and alkaline forms of methemo- 
globin. The pH of a methemoglobin solution, as pointed out by Hauro- 
witz (1924), plays an important role in the spectrophotometric picture 
Both acid and alkaline solutions of methemoglobin have a primary maxi- 
mum at 543 mu and a secondary maximum at 576 muy, the latter resulting 
from the presence of small amounts of oxyhemoglobin as an impurity 
But acid methemoglobin has an additional absorption band at 630 my 
which is absent in alkaline solutions. Many investigators Who deal with 
the absorption bands of methemoglobin fail to distinguish between these 
two or their intermediate forms. 

The failure to recognize the two possible cyanide derivatives of hemo- 
globin has arisen largely from neglect of two important factors which 
determine which of the two substances shall be formed in any given 
experiment. These factors are: 

1. The presence in blood of substances other than pure oryhemoglobin. One 
set of investigators has used defibrinated blood and another, crystals of 
oxyhemoglobin or methemoglobin. While it is the object of scientific 
experimentation to isolate separate reactions in their simplest form, never- 
theless, it is not justifiable in seeking to explain a mechanism affected by 
many factors to neglect all but one of these factors. 

Warburg, Kubowitz and Christian (1931) recognizing this, tried experi- 
ments both with defibrinated blood and with hemoglobin crystals. They 
attributed the differences between these systems to the presence or absence 
of glucose and other reducing substances. Wright, Conant and Kamer- 
ling (1933) have shown that unsaturated fatty acids are probably the 
principal reducing substances present in blood. The writer has also shown 
(1934) that the absorption spectra obtained on addition of various agents 
to suspensions of red blood cells in the presence of glucose in vitro are 
different from those in the absence of glucose. Glucose inhibits the forma- 
tion of methemoglobin, and the presence of glucose and other reducing 
substances in normal blood inhibits the methemoglobin formation which 
occurs when pure crystallized hemoglobin derivatives are used. 

The presence of these reducing substances in the blood has been ignored 
by those writers who quote Warburg in confirmation of their idea that 
methylene blue forms methemoglobin in vivo. Methylene blue can trans- 
form hemoglobin into methemoglobin only if these reducing substances are 
absent. In the blood stream they are present, and therefore one cannot 
explain in vivo experiments by isolating pure hemoglobin and drawing 
conclusions from experiments on that. Since oxyhemoglobin exposed to 
air gradually changes to methemoglobin unless glucose or other reducing 
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substances are present, any protracted analytical method for determining 
the relative amounts of oxyhemoglobin and methemoglobin is accurate 
only when allowance is made for the oxidation which occurs during the 
analysis. 

2. The concentrations and proportions in which the different reagents are 
used. The writer’s conclusions have been based upon experiments in 
which approximately equimolal amounts of reagents were used, while the 
amounts used by some of the other investigators are either not reported or 
are not comparable. Haurowitz (1931) for example, gives the concentra- 
tion of KCN used but not that of methemoglobin. Barnard (1933) on the 
other hand was not working on toxicity and purposely chose conditions 
totally different from those obtaining in vivo. He used 1000 to 2000 moles 
of KCN to each mole of hemoglobin. It will be shown later that such a 
concentrated solution of KCN changes the absorption spectrum of hemo- 
globin. His solutions also did not contain glucose or other reducing sub- 
stances, and his experiments are therefore not comparable to in vivo experi- 
ments, and cannot be quoted in support of the doctrine that in the body the 
addition of methylene blue and cyanide to hemoglobin produces cyan- 
methemoglobin. 

In the present paper, the results obtained under different conditions of 
purity, relative concentration, etc., have been compared with the above 
considerations in mind. 

EXPERIMENTS. In all the experiments modifications of the hemoglobin 
system of blood pigments were produced by the introduction of one or more 
of the agents mentioned below. In all cases samples were taken for spec- 
trophotometric study of the absorption spectra on the resulting derivatives 
of hemoglobin. 

Samples of blood were obtained at the times and in the manner described 
below. One cubic centimeter of whole or defibrinated blood was diluted 
to 100 ce. with 0.4 per cent NH,OH to form an optically clear alkaline 
solution. In experiments employing crystalline oxyhemoglobin the final 
solution contained an approximately equal concentration of hemoglobin 
derivatives also dissolved in 0.4 per cent NH,OH. Except in the case of 
reduced hemoglobin, the samples were thoroughly aerated. 

Determinations of the extinction coefficients at different wave lengths 
were made, several readings being taken, using both right and left hand 
columns, and calculating the mean of these. A layer of solution 1 em. deep 
was used. The extinction coefficients may be read directly from the grad- 
uated circle of the 1928 Bausch and Lomb spectrophotometer used. The 
usual further precautions (described in the hand book accompanying the 

instrument) were observed. 
The extinction coefficients between 500 and 640 mu were determined at 
intervals of 10 mu (or less in the region of the absorption maxima) for one 
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or more typical experiments of every kind, thus establishing the type of 
absorption spectrum obtained. In succeeding qualitatively similar experi- 


ments only the extinction coefficients at 540 and 560 mu were observed, 
these being all that were needed to determine the proportions of reduced 
and oxyhemoglobin, or methemoglobin and oxyhemoglobin. The ratio, 
R, of these two extinction coefficients in such mixtures has been determined 
by Ray, Blair, and Thomas (1932) and is given in table 1 below, together 
with the corresponding proportions of the hemoglobin derivatives. This 
ratio, R, was the same in samples diluted with pure water as in those diluted 
with 0.4 per cent NH,OH. 

Readings on the spectrophotometer were made immediately on obtain- 
ing the blood and were completed within ten minutes, or considerably less 
if only the extinction coefficients at 540 and 560 my were to be determined. 
The extinction coefficients so determined are accurate to within less than 
2 per cent. In many cases identical readings were obtained in several 
successive trials, even though the necessary settings must be made ‘“‘blind”’ 
and the results read off afterwards. 

Since the details of dosage and manipulation differed in different sections 
of this work they are described in connection with the appropriate section. 
The experiments may be divided conveniently into two groups: those in 
which pure crystallized hemoglobin preparations were used (section 1) and 
those in which defibrinated blood in vitro (section 2a) or whole blood in vivo 
(section 2b) were used. 

SEcTION 1. CRYSTALLIZED OXYHEMOGLOBIN. Methods. Undenatured 
crystallized oxyhemoglobin was obtained by defibrinating fresh horse blood, 
washing several times with 0.9 per cent NaCl solution, decanting, bringing 
to original volume with distilled water, adding 20 per cent ice-cold ethy! 
alcohol and keeping at freezing temperature. Abundant crystals are 
produced which were kept moist to prevent denaturation. 

There is a slight error in weighing these crystals owing to the contained 
moisture, but this is not significant in this connection. A 0.0001 M solu- 
tion of oxyhemoglobin was made up from these crystals and to it was 
added 1 to 10 times as many moles of KCN. The molecular weight of 
hemoglobin here and throughout this paper is assumed to be 66,000 (Bick- 
ery and Leavenworth, 1928). The resulting solution was allowed to stand 
at 23°C. In other experiments KCN was added in large excess, viz., about 
1000 moles per mole of Oxyhemoglobin, so as to determine whether such 
conditions were comparable with those when smaller cyanide doses are 
used, as in the usual cases of cyanide poisoning. 

Results. When from 1 to 10 moles of KCN per mole of erystallized 
oxyhemoglobin was added to a solution of the latter, the absorption spec- 
trum remained unchanged for several hours at room temperature. After 
this a brown color gradually became perceptible and methemoglobin 
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appeared as was shown by the spectrophotometer. When however, about 
1000 moles of KCN was used per mole of oxyhemoglobin, the solution 
immediately turned brown and had the absorption spectrum of methemo- 
globin. Barnard (1933) justifiably concludes that this condition is due not 
to the presence of methemoglobin alone, but to the formation of a cyanide 
derivative which he calls cyanmethemoglobin, and which has the same 
absorption spectrum as methemoglobin. This amount of KCN is within 
the range used by Barnard who, starting with crystallized methemoglobin, 
found the methemoglobin absorption spectrum to persist upon the addition 
of KCN. Haurowitz (1931) also used crystallized methemoglobin and 
upon adding KCN obtained a solution whose absorption maximum lay at 
about 540 my, which agrees with that given by Barnard. His ratio of 
KCN to methemoglobin was probably much the same as Barnard’s, 
although as previously stated, his failure to give the concentration of his 
methemoglobin solution makes it impossible to be sure of this. 

It will be shown later (section 2a) that if similar large amounts of KCN 
are added to fresh defibrinated blood, the suspension soon turns brown. 
The change in that case is slower than with crystallized oxyhemoglobin, 
presumably because of the delaying influence of reducing substances. 

SECTION 2A. DEFIBRINATED BLOOD IN VITRO. Methods. Fresh defibri- 
nated sheep blood was centrifuged, washed several times with 0.9 per cent 
NaCl and brought to the original volume with NaCl. To 2 ce. of blood was 
added 0.2 ec. of 0.833 M NaNOs, or an equivalent amount of KCN, or both, 
or 0.1 ec. of 0.01 M methylene blue. Rat and rabbit bloods gave essen- 
tially similar results. Oxyhemoglobin was formed by shaking the blood 
vigorously with air or oxygen; reduced hemoglobin by the addition of 
Stokes’ reagent or NaeS,O, according to the usual procedures; methemo- 
globin, by the addition of NaNOs. Enough NaNO» was used to change 
88 per cent of the oxyhemoglobin into methemoglobin. The chemically 
equivalent amount of KCN was used, but not of methylene blue because 
it is a reversible oxidation-reduction dye and is able, by repeated cyclic 
reduction and oxidation, to oxidize many times the equivalent amount of 
another suitable substance, such as hemoglobin (Warburg, Kubowitz and 
Christian, 1930). In caleulating how much of the various agents to use it 
was assumed that 100 ce. of blood contained 13.9 grams of hemoglobin 
(Macleod, 1928). This latter figure varies with the species, the condition 
of the animal, etc., but the variation is not significant for the purpose of 
these experiments. 

Results. Table 1 gives the results of this set of experiments. In the 
‘ase of oxyhemoglobin alone, the appropriate value of R was obtained. An 
identical absorption curve and R value were obtained for oxyhemoglobin 
plus KCN. The preparation which, because of the presence of NaNOz, 
showed 88 per cent methemoglobin before the addition of KCN, gave an 
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absorption curve and R value characteristic of that of pure oxyhemoglobin 
immediately after the addition. Similar results were obtained when KCN 
was added to reduced hemoglobin. These readings were the same two 
hours later, but 48 hours later the absorption spectra of all solutions except 
no. 2 (table 1) showed the presence of some methemoglobin. Very large 
additions of KCN to defibrinated blood hastened the appearance of methe- 
moglobin, so that when the ratio of KCN to methemoglobin was approxi- 
mately 1000 moles to 1, methemoglobin could be detected after a few 
minutes. However this production of methemoglobin in vitro has no 
significance in the therapy of cyanide poisoning, both because of the over- 
whelming amount of KCN required, and because of the presence in vivo of 
greater reserves of reducing substances. 


The experiments illustrated in table 1 were done at room temperature, 


but even when the blood cell suspensions containing KCN were warmed to 


TABLE 1 
The effect of KCN on different derivatives of hemoglobin in defibrinated blood 


The resulting proportion of hemoglobin is calculated from the ratio, R, 
extinction coefficients at 540 and 560 my 


PEt ENT 
OXYHEMOGLOFE 


NUMBER FORM OF HEMOGLOBIN ADDITION 


Oxyhemoglobin None 100 
Oxyhemoglobin KCN 
Methemoglobin None 12 
Methemoglobin KCN 
Reduced hemoglobin None 
Reduced hemoglobin KCN 


40°C. and allowed to stand for some time, the oxyhemoglobin spectrum 
persisted. 

Figure 1 shows absorption curves in more detail. Curve 4 is that for 
oxyhemoglobin alone; curve B, when NaNO: and KCN have been added 
to oxyhemoglobin; curve C, when KCN alone has been added to uxyhemo- 
globin. The curves are essentially identical, having maxima at the same 
positions and the same R values. In figure 2, curve A is that for 75 per 
cent methemoglobin produced by the addition of NaNOs, and curve B, that 
for a similar solution t6 which KCN has been added. Curve A shows a 
primary maximum at 543 my, and a secondary maximum at 576 mu 
indicating the presence of some oxyhemoglobin. In figure 3, curve A is 
that for completely reduced hemoglobin produced by the action of Stokes’ 
reagent; it has a maximum at 555 my; curve B, for the same solution after 
KCN had been added, is again identical with that for oxyhemoglobin. 

The experiments shown in figures 1 to 3 and table 1 then show that when 
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cyanide is added to defibrinated blood, no matter which of the three forms 
the hemoglobin is in,—reduced, oxy- or met-, there forms immediately a 
hemoglobin derivative which has the typical absorption spectrum of 
oxyhemoglobin. From other experiments we know that it is not oxyhemo- 
globin and it is therefore impossible to deduce from the R values in table 1 
how much oxyhemoglobin, if any, is present. It is for this reason that no 
figure is given for per cent oxyhemoglobin opposite nos. 2, 4 and 6 in the 
table. 


THE EFFECT OF KCN ON OXYHEMOGLOBIN AND METHEMOGLOBIN 
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Fig. 1. The effect of KCN on oxyhemoglobin or methemoglobin in defibrinated 
blood in vitro. Abscissae are wave lengths in my and ordinates are extinction coeffi- 
cients. Curve A, control, oxyhemoglobin alone; curve B, KCN added to methe- 


moglobin formed by NaNO; curve C, KCN added to oxyhemoglobin. Concentra- 
tions given in text. 


Figure 4 illustrates the formation of oxyhemoglobin when glucose is 
added to a red blood cell suspension containing methemoglobin. NaNO», 
was added to defibrinated blood producing 55 per cent methemoglobin 
(curve A). The.cells, which were brown in color, were then washed with a 
0.9 per cent NaCl solution, centrifuged, the supernatant fluid decanted and 
1 per cent glucose added. The spectrophotometer showed that a large 
part of the methemoglobin had been reduced to oxyhemoglobin so that 
now only 17 per cent methemoglobin was present (curve B). The same 
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thing can be shown if glucose is added first and then NaNO». The fact 
that the methemoglobin is not all reduced to oxyhemoglobin has been 
commented on by Warburg, Kubowitz and Christian (1930, 1931) and by 
Brooks (1934). 

SECTION 2B. WHOLE BLOODIN VIVO. Methods. Experiments were done 
with over 200 rats, 61 rabbits and one dog. Dosages were determined upon 
the basis of generally accepted estimates of blood volume and hemoglobin 
content of the blood, e.g., for the rabbit, the blood was assumed to make 
up 5.82 per cent of the body weight (Gulbertson, 1934), and to contain 13.9 
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Fig. 2. The effect of KCN on methemoglobin in defibrinated blood in vitro. Ab- 
scissae are wave lengths in mu and ordinates are extinction coefficients. Curve A, 
methemoglobin formed by NaNO»; curve B, the same to which KCN had been 
added, showing formation of oxyhemoglobin-like curve. Concentrations given in 
text. 


grams of hemoglobin per 100 cc. (Macleod, 1928). It was found however 
that the amount of NaNO, required to produce a given proportion of 
methemoglobin was greater than has usually been reported, and also greater 
than might be predicted on the basis of chemical equivalence. Some 
reasons for this have been discussed by the writer (Brooks, 1934). 

The reagents were in all cases dissolved in 0.9 per cent NaCl solution. 
They were injected into the rats intraperitoneally or into the jugular vein. 
In the latter case the animals were first anesthetized with ether and the 
jugular vein exposed. The proportion of hemoglobin transformed to 
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methemoglobin varied with the amount of NaNO, injected about as fol- 
lows: 0.002 gram per 100 grams body weight intraperitoneally gave 15 


per cent methemoglobin; 0.03 gram gave 60 to 85 per cent. 


These propor- 


tions, which represent the maxima of methemoglobin formation, were 
observed at from 2 to 15 minutes after injection, using blood obtained by 


heart puncture or decapitation. 
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Vig. 3. The effect of KCN on reduced hemoglobin in defibrinated blood in vitro. 
Curve A, reduced hemoglobin alone; curve B, KCN added to reduced hemoglobin, 


showing formation of oxyhemoglobin-like curve. 


Concentrations given in text. 


KCN was given in doses of from 0.28 to 2.8 mgm. per 100 grams body 


weight, or roughly 1 to 10 m.].d. 


Excessive doses were used purposely to 


see whether they would produce different hemoglobin derivatives. 
Methylene blue was given as 0.01 or 0.1 per cent solution, 1 ec. per 100 


grams body weight. 


When rabbits were used, the reagents were injected into an ear vein, and 


venous blood samples taken from 
from a few minutes up to 2 hours. 


weight are: NaNOsz, 0.002 to 0.015 gram; KCN, 0.00028 gram; methylene 


the opposite ear after intervals varying 
The dosages used per 100 grams body 
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blue, 0.1 cc. of 0.01 per cent solution; glucose, 0.1 cc. of 1 per cent solution 
either once or twice with an interval of a few minutes. Control animals 
received either no injection, or amounts of 0.9 per cent NaCl solution 
corresponding to the above. The injection of NaCl solution alone did not 
produce any methemoglobin. 

Experiments were also tried with rabbits in whosé blood methemoglobin 
had been produced by the injection of phenylhydroxylamine (0.198 gm. of 
freshly prepared crystals dissolved in 10 cc. of 0.9 per cent NaCl solution 
for a rabbit weighing 4.1 kgm.) or by rendering them unconscious by 


THE FORMATION OF OXYHEMOGLOBIN FROM METHEMOGLOBIN 
BY ADDITION OF GLUCOSE IN VITRO 


Curve A 
45% onyhemogion a 


° 
2 
= 
z 
+ 


500 520 


WAVE LENGTA 
Fig. 4. The effect of the addition of glucose in vitro in defibrinated sheep’s blood 
containing 55 per cent methemoglobin, produced by NaNO:. Curve A, before addi- 
tion of glucose; curve B, after. In this case methemoglobin was not completely 
reduced to oxyhemoglobin. Abscissae are wave lengths in my and ordinates are 
extinction coefficients. 


inhaled amylnitrite. The results did not differ in any material way from 
those in which NaNO, was used, and are therefore not further mentioned. 

Rabbits were more satisfactory than rats because blood samples, includ- 
ing a control before injection, could be taken from a single animal repeat- 
edly and the appearance and disappearance of methemoglobin thus fol- 
lowed throughout its whole course. The higher NaNO: dosage required 
by rabbits for a similar percentage of methemoglobin production is prob- 
ably due to the presence of more reducing substances in their blood than in 
that of rats. 
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Results. The experiments described in this section were designed to 
show under what conditions methemoglobin occurs in the blood stream in 
living animals; they are summarized in table 2. The last column in this 
table gives the proportions of methemoglobin in the blood as indicated by 
the R values. In addition to control experiments with and without 
injection of 0.9 per cent NaCl, experiments were done with NaNOsz, glucose, 
methylene blue and KCN either singly or in various combinations. Both 
rats and rabbits were employed and since there was no difference in the 
results with these 2 species, except in dosage of NaNOs, which does not 


TABLE 2 
The action of various agents upon the production of methemoglobin in vivo 
The mean of the results of all the experiments of any given set is used except in the 
case of sets 3 and 4 in which the extremes of variation are given. The proportion of 
methemoglobin present is calculated from the ratio, R, of the extinction coefficients 
at 540 and 560 mu. 


EXPEKI- NUMBER OF ANIMALS PER CENT 
MENTAL SUBSTANCE INJECTED - R METHEMO- 
_ Rats Rabbits Dogs GLOBIN 
l Control, no injection 20 10 1.62 0 
2 Control, 0.9% NaCl 5 2 1.62 0 
3 NaNOsz, small doses 30 5 1.58-1.55) 10-20 
4 NaNO, large doses 30 5 1.33-1.28) 75-88 
5 Methylene blue 20 4 1.63 0 
6 Methylene blue and NaNO, 10 8 1.62 0 

(all doses) 
7 KCN, all doses 20 6 1.64 0 
s KCN and NaNO, (all doses) 40 & 1.63 0 
9 KCN and methvlene blue 10 3 1.63 0 
10 NaNO, (all doses) and glu- 10 A 1.66 0 
cose 
11 Glucose, then NaNO, 10 5 1.67 | 0 
12 Control, before injection 1 161 | O 
13. | Methylene blue alone 162 | 0 


concern the ultimate aim of these experiments, the R values for all experi- 
ments of a given type were used to calculate the mean values given in the 
table. The total range of variation of the R values within a given set of 
experiments varied in different sets between 1 per cent and 5 per cent. In 
sets 3 and 4 the range of variation is given, since this shows the range of 
variation in methemoglobin production. It was not always possible to 
predict just how much methemoglobin would be produced by a given dose 
of NaNO:. This was, however, always sufficient to demonstrate the effect 
of the reagents upon it, and aside from this requirement, the exact amount 
of methemoglobin was immaterial in these experiments. 
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One experiment was done with a dog to justify broader generalization of 
the conclusion drawn from the experiments with rats and rabbits as to the 
effects of methylene blue on hemoglobin in vivo. 

Table 2 shows the absence of methemoglobin in normal! animals or those 
given 0.9 per cent NaC] solution, and its presence after injection of NaNOnz, 
the amount produced varying with the dosage. In addition it shows that: 

1. Methylene blue produces no methemoglobin in normal blood ot 
rats, rabbits or dogs (sets 5, 12 and 13); and that if methemoglobin is 
already present in blood, methylene blue reduces it to oxyhemoglobin 
(set 6). It is important to note in this connection that the methylene 
blue does not in these experiments obscure or alter by its own absorption 
the significant regions of the oxy- and methemoglobin absorption spectra. 

Because of the fact that dogs are generally regarded as reacting more 
like man than do rats or rabbits, the methylene blue experiment was also 
tried on a dog. The animal weighed 23.5 kgm., and 16 ec. of a 1 per cent 
methylene blue solution dissolved in 0.9 per cent NaCl solution was in- 
jected into its femoral artery. This is equivalent to the customary clinica! 
dose. Before the injection an R value of 1.61 was found; the R value 15 
minutes after injection was 1.63, and 1 hour after 1.62. There was there- 
fore no methemoglobin formation.’ 

2. KCN changes all the hemoglobin into the substance giving the oxy- 
hemoglobin spectrum, regardless of whether oxyhemoglobin (set 7) or 
methemoglobin (set 8) is originally present. The methemoglobin spectrum, 
if originally present, disappears completely in the presence of cyanide. 

3. KCN also produces the same effect when methylene blue is present 
(set 9). Since methylene blue does not produce methemoglobin under 
these circumstances, this was to be expected. Even if methemoglobin had 
previously been produced by administration of NaNOz it would have been 
reduced to oxyhemoglobin by the methylene blue as shown in set 6. This 
point is demonstrated in more detail by figure 5 which represents a single 
typical pair of experiments. Curve A shows the absorption spectrum 
of the blood of one rabbit previous to administration of methylene blue 


This is a typical spectrum for normal blood. Curve B is the absorption 
spectrum of the same animal after intravenous injection of 1 ec. of a 0.01 
per cent solution of the dye per kilogram body weight. This corresponds 
to the usual clinical dose. No significant change occurred. Curve C is 


the absorption spectrum of blood of another rabbit receiving the same dose 
of methylene blue just after an intravenous injection of 0.0028 gram of 
KCN per kilogram body weight. For all these curves the R values lie 
between 1.61 and 1.62, which shows that no methemoglobin was present. 
The same spectra characterized blood samples taken at intervals up to 2 
? I wish to express my thanks to Prof. Eric Ogden and Mr. A. R. Teather of the 
Department of Physiology of this University, who made the injections. 
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hours after injection. It is evident that methemoglobin does not appear 
in the blood of animals given methylene blue after cyanide poisoning sets in. 

Differences in the absolute values of the extinction coefficients in similar 
experiments are due to differences in the concentration of blood in the 
samples, or in some cases to differences in hemoglobin content of the blood 
of different animals. Slight differences in the relative values of the extine- 
tion coefficients at 576 and 543 my are of random occurrence in both 


TRE EFFECT OF METHYLENE BLUE AND KCN 
ON OXYHEMOGLOBIN IN RABBITS 
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Fig. 5. The effect of intravenous injection of methylene blue and KCN into rab- 
bits. Curve A, control, before injection; curve B, when methylene blue alone is 
injected; curve C, when methylene blue and KCN have been injected. Abscissae 
are wave lengths in mu and ordinates are extinction coefficients. Concentrations 
given in text. 


normal and treated animals and do not appear significant in these studies. 
Their cause is not known. 

Figures for other combinations of reagents will not be given as they are in 
every respect essentially similar to figure 5. 

4. Glucose produces the same effect on the absorption spectrum of 
methemoglobin containing blood as does KCN. In this case however, 
the effect is due to the reduction of methemoglobin to oxyhemoglobin 
(set 10). Figure 6 shows a typical experiment of this type, in which 
enough NaNO, was given to produce 15 per cent of methemoglobin (curve 
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A). Then glucose was injected and subsequent examination showed the 
complete disappearance of the methemoglobin (curve B). Similarly, the 
injection of glucose prevents the oxidation of oxyhemoglobin to methemo- 
globin by NaNO, injected just afterwards (set 11). It was noted that in 
this set of experiments the veins of the rabbit never turned dark in color 
on injection of NaNOs, as they did when no glucose had been injected 


THE CHANGE FROM METHEMOGLOBIN TO OXYHEMOGLOB'N 
WHEN GLUCOSE HAS BEEN INJECTED INTO A RABBIT 


1.80 


1.60 


Curva A R-1.5@ « 


1S methemegiebin 


L40 


8 


Curve B 
O% mathemogiebi« 


EXTINCT TON COEFFICIENT 


-60 


| 
| 


500 520 560 580 600 620 640 
WAVE LENGTH Gn 


Fig. 6. The effect of an intravenous injection of glucose into a rabbit whose blood 
contained 15 per cent methemoglobin produced by NaNO,. Curve A, before; curve 
B, after injection of glucose. Abscissae are wave lengths in my and ordinates are 
extinction coefficients. Concentrations given in text. 


Presumably this effect might be overcome by the use of overwhelming 
NaNO: doses, but this would be without significance for the problem under 
study. These last results have been reported in a preliminary pape! 
(Brooks, 1934). 

It is desirable to comment upon the fact that in table 2 there appear some 
values of R which exceed 1.618, the value assigned by Ray, Blair and 
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Thomas (1933) for the hemoglobin-oxyhemoglobin system in equilibrium 
with air at atmospheric pressure. This should theoretically contain almost 
100 per cent oxyhemoglobin, and possibly the higher values may represent 
higher proportions of oxyhemoglobin, or of the cyanide derivative with the 
same absorption spectrum. However, the high R values were of random 
occurrence in control animals and animals treated in all different ways, and 
their significance can not be evaluated at present. 

Abnormally low R values were also occasionally found in control animals, 
seeming to signify the presence of as much as 10 per cent methemoglobin in 
their blood. Such animals and the corresponding data were discarded. 
The precise significance of these cases is also unknown, unless they indicate 
an abnormal condition in the animal. 

Discussion. It appears that by the action of CN upon hemoglobin, 
oxyhemoglobin or methemoglobin, there may arise either of two distinct 
substances, with absorption spectra like oxyhemoglobin and methemo- 
globin respectively. The two terms, cyanhemoglobin and cyanmethemo- 
globin have been applied more or less indiscriminately to these compounds, 
and great uncertainty has existed as to their nomenclature and relation- 
ships. The nature of the union between the CN and the pigment has also 
been the subject of much speculation. Many workers have tried to deduce 
from this inadequate basis, hypotheses and dicta as to the toxicology and 
therapy of CN and other asphyxial agents. 

The present paper contributes to a solution of these problems by defining 
the conditions under which the two substances arise and the reasons there- 
for; by discussing their probable structural relationship, and by applying 
this knowledge to the therapeutic problem. 

It was found that the bright red oxyhemoglobin-like substance which we 
shall tentatively call cyanhemoglobin always appeared when KCN in 
proportions comparable to or even considerably exceeding those usually 
encountered in fatal poisoning of mammals was given in vivo or added to 
red blood cells in vitro. This was true regardless of whether reduced hemo- 
globin, oxyhemoglobin or methemoglobin predominated initially. The 
characteristic color and absorption spectrum of cyanhemoglobin resulting 
from the addition of KCN to oxyhemoglobin in defibrinated blood was 
unaltered for days at room temperature. However if crystallized oxy- 
hemoglobin and KCN were used in similar amounts, the substance having 
the color and absorption spectrum of methemoglobin appeared in appre- 
ciable concentration within 12 hours. We shall refer to this substance as 
cyanmethemoglobin. Barnard (1933) has shown, as previously mentioned, 
that if KCN in large excess be added to crystalline methemoglobin, then 
cyanmethemoglobin is formed immediately. 

The experiments described in the present paper show that methylene 
blue in the amounts recommended for therapeutic use does not produce 
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methemoglobin either 7n vivo or in defibrinated blood in vitro. Similarly 


if cyanide is also present, methylene blue does not lead to cyanmethemo- 
globin formation as has been postulated by various authorities. Instead, 
cyanhemoglobin with its oxyhemoglobin-like spectrum is produced just as 
though no methylene blue were present. The assumption that methylene 


blue owes its therapeutic effect to its capacity to form methemoglobin is 
therefore without experimental support. Henderson (1933), for example, 
in a paper entitled “Methylene blue, a synergist’’ has condemned my 
suggestion of methylene blue as an antidote for CO poisoning on the basis 
of this groundless idea. Haggard and Greénberg (1933) make the same 
mistake. 

The reason why different products are formed under the different eondi- 
tions described above is only partially understood. One factor appears 
to be the presence of reducing substances in vive and in defibrinated blood 

This explanation may be correlated with the work of Conant (1923) and 
of Conant and Fieser (1924) who have shown that oxyhemoglobin and 
methemoglobin form a reversible oxidation-reduction system, in which the 
ferrous iron of oxyhemoglobin is oxidized to ferric iron in methemoglobin. 
This system has a well defined potential varying logarithmically with the 
relative concentrations of oxyhemoglobin and methemoglobin. Sub- 
stances having a high reducing potential would as a result poise the system 
at an EF), at which no appreciable amounts of methemoglobin could exist. 

Since the spectra of the two cyanide compounds are identical with 
oxyhemoglobin (which has ferrous iron) and methemoglobin (which has 
ferric iron) and since the same factors favor or hinder the formation of the 
spectrally similar forms in the two cases, we conclude that the iron is in the 
same valence state when the spectra are the same, that is, cvanhemoglobin 
and oxyhemoglobin have ferrous iron, and cyanmethemoglobin and met- 
hemoglobin have ferric iron. The valence of the iron in these compounds 
determines the valence electron configuration around the iron. This in 
turn is known to affect the absorption spectrum of the compound. This 
does not necessarily imply that substances with identical spectra are chem- 
ically identical; they may differ in constitution provided only the con- 
straints upon the electrons responsible for absorption of visible light are not 
thereby altered. 

Another detail of the structure of cyanhemoglobin which is of interest 
is the apparent fact that like oxyhemoglobin it is an oxygenated sub- 
stance. Thus Cook (1928) has shown that no free oxygen is given up when 
oxyhemoglobin is transformed to cyanhemoglobin. Although it has not 
been definitely shown that the oxygen is not given up in some combined 
form, still it seems very probable that cyanhemoglobin, like oxyhemoglobin, 
cortains 2 atoms of oxygen in its molecule for each atom of iron. Pre- 
sumably the presence of this oxygen has the same effect upon the forces 
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constraining the electrons responsible for color in cyanhemoglobin as it 
does in oxyhemoglobin, thus differentiating both from reduced hemoglobin; 
furthermore the cyanide appears to have no effect on these forces. This 
raises two questions, namely: first, the nature of the union between cya- 
nide and oxyhemoglobin and second, the reason for the appearance of the 
cvanhemoglobin spectrum upon the addition of cyanide to other derivatives 
of hemoglobin. 

Available evidence upon the latter point is inadequate, but the nature 
of the union between cyanide and the various forms of hemoglobin has been 
studied by several authors and enough is known to justify tentative hypoth- 
esis. Barnard (1933) using crystallized methemoglobin and KCN found 
that the addition of cyanide to the system lowered its redox potential. 
Since the removal of hemoglobin raised the potential, and the removal of 
methemoglobin lowered it, he concludes that cyanide removes the oxidant 
(methemoglobin) from the system in an inactive, perhaps un-ionized, form, 
thus lowering the redox potential of the system. This study evidently 
concerns cyanmethemoglobin and not cyanhemoglobin. It would be of 
interest to study in the same way the effects of cyanide under conditions 
such that cyanhemoglobin was the principal product. It must be admit- 
ted, however, that the electrometric method offers no direct evidence as to 
the nature of the cyanide union. 

On the basis of chemical evidence Haurowitz (1935) has come to the 
conclusion that the cyanide ion combines with the ferric iron of methemo- 
globin, but that no combination is possible between cyanide and the ferrous 
iron of oxyhemoglobin or reduced hemoglobin. The appearance of a re- 
duced hemoglobin absorption spectrum upon reduction of cyanmethemo- 
globin by NaS.O, seemed to Haurowitz to show that reduction of the iron 
atom drove cyanide out of the molecule leaving only reduced hemoglobin, 
and led him to conclude that the loss of an electron by the iron atom upon 
transformation of hemoglobin to methemoglobin enabled it to form an 
ionic compound with cyanide ion, as mentioned. It is clear however, from 
the experiments here described, that cyanide does form a compound with 
the ferrous forms of hemoglobin, giving cyanhemoglobin. The present 
state of our knowledge of the structure of the hemoglobin molecule does not 
afford any very satisfactory explanation of the nature of this union. 

Conant (1933) has suggested that in hemoglobin the six codrdinate posi- 
tions available around the iron atoms are occupied by the four pyrrole 
nitrogens and two groups of the globin. One of the latter is supposed to 
be an un-ionized group, and to give way to a molecule of oxygen to form 
oxyhemoglobin. (Since there are actually four heme groups in the hemo- 
globin molecule, it is of course possible that intermediate stages of oxygena- 
tion may occur having 1, 2, 3, or finally 4 oxygen molecules thus taken 
up.) This theory leaves no coérdinate position available for either cya- 


| 


METHYLENE BLUE AND ASPHYXIAL POISONING lia 


nide ion or HCN without displacing some essential bond in the oxyhemo- 
globin molecule, such as globin or pyrrole group, or oxygen. Cook's 
experiments, referred to above, seem to exclude the possibility that any 
oxygen is displaced, and the separation of globin from heme, or the dis- 
placement of one or more pyrrole groups from the codrdinate positions 
would presumably alter the absorption spectrum, a result which is not 


accord with the experiments. The structure of cyanhemoglobin and 


cyanmethemoglobin must at present be considered to be unknown. 

Summary. It has been shown with the doses described in these experi- 
ments that: 

1. KCN stabilizes the color of oxyhemoglobin by forming cyanhemo- 
globin. This substance has a spectrum identical with that of oxyhemo- 
globin. 

2. No methemoglobin is formed in the blood stream or in defibrinated 
blood in vitro when methylene blue is used either with or without KCN. 

3. The presence of reducing agents including glucose in the bloodstream 
prevents the formation of methemoglobin. 

4. NaNO, produces methemoglobin when it is used in amounts suffi- 
ciently large to overcome the reducing capacity of the blood. 

5. Crystallized products of hemoglobin give results differing from the 
above because of the absence of reducing substances. 

6. It is not justifiable to use experiments with pure crystallized hemo- 
globin derivatives or large excesses of reagents or prolonged methods 
involving conditions not found in vivo, to explain results obtained in cya- 
nide and carbon monoxide poisoning and its therapy. 

7. Possible theoretical considerations are discussed. 

CONCLUSIONS 

Cyanide attaches to either ferrous or ferric iron in hemoglobin derivatives 
forming either cyanhemoglobin (ferrous) or cyanmethemoglobin (ferric), 
depending upon the conditions of the experiment. In the blood stream 
with the doses described in these experiments, only cyanhemoglobin is 
formed. 

Since no methemoglobin is formed by methylene blue in the blood stream 
with the doses used, it is again shown that the mode of action of methylene 
blue is as a catalyst, rather than as a producer of methemoglobin. Its use 
is again urged in both cyanide and carbon monoxide poisoning. 

It is also again suggested that injections of glucose be used clinically in 
cases where it is desirable to reconvert methemoglobin to oxyhemoglobin 
in the blood stream. 
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In a previous publication we have expressed the opinion that the non- 
myelinated fibers of the dorsal roots of vertebrate nerves, having their cells 
of origin in the dorsal root ganglia (Bishop, Heinbecker and O'Leary, 
1933), and including similar vagus fibers having their cells of origin in the 
nodose, (Heinbecker and O’Leary, 1933) were not sensory in function, but 
motor. This conclusion was based on experiments under ether anesthesia, 
where the nerves were stimulated peripherally, their action currents led 
from electrodes proximal to the body, and all fibers except the non-mye- 
linated were blocked between stimulus and lead by pressure. Under these 
conditions we obtained no reflex effects indicative of sensory response after 
block of B fibers, in the presence of a C action current response in the nerve 
itself, while before block the stimulation of B fibers only, by a weaker 
stimulus, gave a typical response indicative of sensory activity. On the 
other hand, stimulation of the non-myelinated fibers of the vagus, after 
cutting above the nodose and allowing time for degeneration, gave a 
peripheral motor response of bronchial and intestinal musculature, but not 
of the heart or of striated muscles innervated by the normal vagus. Fur- 
ther, the non-myelinated fibers are the elements in the dorsal roots which 
cause vasodilatation when stimulated toward the periphery. 

More recently, Clark, Hughes and Gasser (1935) have reported positive 
reflex effects from similar experiments on the saphenous nerve after block 
by pressure, using dial anesthesia. Even without pressure block, they 
have observed an increase of effect of C fiber stimulation over that of B fiber 
stimulation, at a stage of anesthesia deep enough to reduce the B response 
to a relatively low value. This indicates a differential anesthetic effect 
on the central connections of B and C fibers, by dial as compared with ether. 
We have therefore repeated our former experiments, using both ether and 
dial separately, and in various combinations of the two, and confirm their 
general findings that C fibers can in fact give sensory and reflex responses on 

1 Assisted by a grant-in-aid from the Rockefeller Foundation for Researeh in 
Neurophysiology. 
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central stimulation; and that while dial depresses the response to mye- 
linated fibers leaving a predominating effect of the non-myelinated, ether is 
differential in the reverse order, as compared to the non-anesthetized 
animal. We have further repeated our former experiments, but using dial, 
on stimulation of the peripheral stump of the vagus after degeneration of all 
fibers with cells of origin within the medulla. We again obtain what are 
definitely motor effects from the intestine, consisting either of augmenta- 
tion of rhythmic contractions, or inhibition of rhythmic activity already 
present, depending on the condition of the animal. The responses are of 
the same order of magnitude on stimulation of the operated nerve as on 
stimulation of the normal nerve on the opposite side. The latter results 
will be reported separately in more detail. The present paper will deal 
with the differences in responses to stimulation of myelinated and of non- 
myelinated fibers under ether and under dial and under local anesthesia. 

Two observations are pertinent to what follows. First, if the lethal dose 
of ether is determined for an animal (cat), then after partial recovery from 
ether, a full surgical anesthetic dose of dial is given intravenously (50 
mgm./kgm.), and ether again administered, the lethal dose of ether, super- 
imposed on the dial, is from 80 to 90 per cent of that before dial, as deter- 
mined by blood concentration of ether at the time of stoppage of respira- 
tion. Since failure of the respiration under ether alone is immediately 
preceded by shallow but rapid respiration, whereas failure under dial alone 
is preceded by deep but extremely slow respiration of the apneustie type, 
these facts suggest opposite, even antagonistic effects on the respiratory 
center of these two agents; or more probably, differential effect on com- 
pensating or antagonistic elements of a complex respiratory mechanism. 

The second observation has to do with the responses of peripheral nerve 
to stimuli strong enough to activate non-myelinated fibers (Bishop, and 
Heinbecker, 1935). A single shock of C strength in a normal unblocked 
nerve causes first a single volley from all the fibers, myelinated and non- 
myelinated. This may be followed by a random and repetitive discharge 
of the more irritable myelinated fibers, of very low amplitude but lasting 
over a large fraction of a second. Two shocks at ;'5 second intervals sum 
in their persistent effects, both in the frequenzy of the following random dis- 
charge and in its duration. Several such shocks may give a response last- 
ing over two seconds. Since the reflex responses of B and of C fibers are 
not readily distinguishable, reliable data on the effect of C stimulation can 
only be obtained by complete block of all fibers except the non-myelinated. 
A greater effect of stimulation of B plus C fibers, over the effect of stimula- 
tion of B alone, is equivocal, since it may be due either to C responses, or to 
a repetition of B responses, or to both together. 

1. A method for reversible block, differential between myelinated and non- 
myelinated fibers, and between large fibers and small. Block by pressure 
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inactivates myelinated fibers before non-myelinated, but we have not found 
the method completely differential in cats, some C fibers being blocked 
before all the B fibers. It more completely separates the functioning of 
these groups in the saphenous of dogs and rabbits. It is time-consuming, 
allowing the status of the animal to change, and complicates the circuit 
when leading from the nerve beyond the block. Instantaneous induction 
of block, with speed of recovery from block depending only on the intensity 
of the blocking agent, can be obtained by means of alternating current, or 
quite conveniently by a brief series of strong make and break shocks from 
an induction coil. The preparation is arranged with three sets of elec- 
trodes, one at the end of the nerve, one next the body, and one between 
(fig. 1). The middle electrode pair connects to a Harvard inductorium 


Fig. 1. Arrangement of nerve on electrodes for recording responses to C fibers 
only after block of B fibers by strong induction shocks. 1 and 3, stimulating 
and lead electrodes, interchangeable by double throw switches above. 2, blocking 
electrodes. C, variable condenser whose charge stimulates. B, tapped battery, 
R high resistance which permits slow discharge of condenser between stimuli, A, 
key on rotating interruptor. 


with metal core, the secondary placed at about 6 on the scale for the aver- 
age cat saphenous, the primary activated by two dry cells in series. Both 
poles of the secondary can be grounded by a double-point single throw 
switch, when this circuit forms a suitable ground contact between stimulus 
and lead. The two latter are connected to the center poles of double pole, 
double throw switches, one pair each of whose selector terminals leads to a 
stimulating apparatus, the other to the recording meehanism. The elec- 
trode set proximal to the body is suitably tripolar, the center pole leading 
to cathode or to amplifier grid, the outer poles to anode or ground. The 
record led from it will be triphasic, and 1 cm. distance between center and 
either outside pole is advisable to obtain a suitable amplitude of record. 
Since the current density at either anode during stimulation is only one- 
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half that at the central cathode, the danger of spread of stimulating current 
to the body is minimized, and B fibers are not blocked at these anodes by 
strengths of shocks required for eliciting even a maximal C response. The 
escape distortion is also minimized. 

A brief contact of the induction coil primary switch, with the secondary 
ground switch momentarily opened, blocks the nerve fibers in the order of 
their thresholds, weaker shocks blocking only the lower threshold fibers. 
A fraction of a second contact will at suitable strengths block all but non- 
myelinated fibers without measurably reducing the C wave; they will 
remain blocked from a few seconds to a few minutes, depending on strength 
of shocks applied, and recover in the order of size, the slowest fibers first. 
As the blocking is repeated, it persists longer, or may be produced with 
weaker shocks. Still stronger shocks depress the non-myelinated fibers 
also, which however recover promptly, leaving a still longer interval (up to 
15 minutes), when the C wave is maximal and all other potentials absent. 
During these intervals shocks of C strength are applied at the distal elec- 
trodes, and the C responses which alone reach the animal are recorded at 
the proximal electrodes; or shocks of B strength may be applied at the 
proximal electrodes, either alone or added to stimuli of C strength at the 
distal electrodes. By this means one may obtain the addition of B and C 
fiber responses at known frequencies of shocks, without the complication 
mentioned above, that strong shocks applied to an unblocked nerve may 
set up in myelinated fibers a random discharge of uncontrollable magni- 
tude, frequency and duration. 

If instead of a short series of strong shocks, a longer series of weaker 
shocks is employed, the myelinated fibers may again be differentially 
blocked, but in this case the A fibers may recover before the B, or at weaker 
strengths the B alone are eliminated. The details of the differentiation 
between A and B fibers, being of no further consequence here, will be 
reported more fully at another time. In all the experiments reported 
below the results are derived from nerves whose myelinated fibers were 
blocked differentially by strong shocks. 

2. Responses to saphenous nerve stimulation under ether, under dial, and 
under both. In an initial series of 8 animals under ether anesthesia, 7 gave 
no response to C fiber stimulation, one gave a slight response. Anesthesia 
was fairly deep, but not sufficient to prevent responses to B fiber stimula- 
tion. Ina following series of 20 animals, including cats, rabbits and dogs, 
under dial at various depths of anesthesia, we have never failed to obtain a 
clearly demonstrable response to C stimulation, consisting of skeletal motor, 
vasomotor and respiratory reflexes, and vocalization if anesthesia was not 
deep. In subsequent experiments under ether we have obtained C effects, 
particularly on blood pressure, which persists longest under ether, but 
responses to maximal C stimulation at a given frequency have disappeared 
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before responses to maximal B stimulation of the same frequency, as anes- 
thesia was increased in depth. Central stimulation of the vagus may 
also give vasomotor responses under ether, and occasionally a slight respir- 
atory increase, but the B effects are much the more prominent. Since B 
fibers can be stimulated at much higher frequency than can C, and presum- 
ably respond at higher frequency in their normal functioning in the body, 
and since the effect of B stimulation in these nerves at a given frequency is 
much greater, even in unanesthetized animals, than is the stimulation of C 
fibers, in spite of the greater number of the latter (Douglas, Davenport, 
Heinbecker and Bishop, 1934), the relative effectiveness? in causing re- 
sponses of what may be termed provisionally a B reflex mechanism is very 
much greater than is that of the C mechanism. Fiber for fiber, the larger 
fiber gives the larger reflex (and presumably sensory) response per fiber 
impulse, as has been found for myelinated fibers of different sizes elsewhere 
(Bishop, Heinbecker and O'Leary, 1934). 

Under light dial anesthesia (‘“‘hypnotic dose”’), from which the animal is 
easily aroused by nerve stimulation, responses to both B and C stimuli 
seem to be even more persistent than under no general anesthetic at all 
(figs. 2 and 3). These animals were prepared under local intracutaneous 
anesthetic or under nitrous oxide, plus a little dial, to obviate any persistent 
effects of ether, or to avoid a heavy dose of dial that could not be dissipated 
within a reasonable time. The nerves could be blocked under these condi- 
tions by a series of strong shocks of such brevity that the equilibrium of the 
experiment was not seriously disturbed; longer durations of weaker shocks 
were not so well tolerated. There is some reason to believe that this 
hyperactivity observed under dial is psychic rather than simply reflex; a 
conscious dog may be quieted promptly after experimental excitement, 
but not so readily under light dial. The situation is perhaps similar to 
that of a person awakened violently from normal sleep. 

A number of experiments were conducted on dogs, anesthetized initially 
with somewhat less than the usual anesthetic dose of dial. Responses to a 
given number and frequency of stimulation of B and C fibers separately 
were then recorded, and the anesthetic increased if necessary by intrave- 
nous injection until sufficient had been administered to significantly depress 
the B responses differentially as compared to C. Ether was then adminis- 
tered by tracheal cannula, until the previous response to C stimulation was 


2 In the saphenous nerve of the cat counted by these authors there were L040 fibers 
above 6 mu., 1208 below 6 mu., myelinated and 6790 non-myelinated, of which latter 
10 to 20 percent would have been sympathetic fibers. Our counts on two normal skin 
nerves from human biopsies give respectively 105, 398, 863, above and below 6.4 mu 
and non-myelinated, and 284, 851 and 1154. Since myelinated pain fibers are below 
6.4 mu. in diameter, there are in general more non-myelinated fibers from the dorsal] 
roots than myelinated of the pain size range in such sensory nerves. 
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Fig. 2. 1/28 35. Dog under light dial anesthesia, ether added later. A, the last 
of 3 successive practically identical records to stimulation of A and B fibers only, 
saphenous nerve, 7 seconds at 6/second. Each response proceeds to apnea. Dial 
only. B, the same stimulation to B plus C fibers, 2nd of two responses. (, nerve 
blocked by strong faradic stimulation, record continuous with next strip. D, test 
for response to B fiber stimulus as in A, but twice the number, 14seconds. F, stimu- 
lus of C strength, B fibers blocked, C wave as recorded below block is full amplitude. 
First of 3 identical records. F, G, H, B fibers blocked, 3 separate single crushes near 
end of nerve. J, respiration under dial alone, animal quiet. J, respiration after 
just enough ether to prevent occasional restlessness under dial alone. A, respiration 
under deeper ether, with stimulation of A and B fibers only, recovered from previous 
block. L, stimulation of A, B and C fibers, no increase over K under deep ether, no 
writhing movements of animal, but twitches of muscle of homolateral iimb at each 
stimulus A and L 


Time in seconds. 
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Fig. 3. 2/6/35. Dog, nerve dissected under local intradermal procaine anes- 
thesia, respiration from tambour pneumograph, blood pressure 120 mm. Hg from 
femoral. <A, no general anesthetic, stimulation of A fibers only, slight respiratory 
effect, 25 stimuli at 3/second. B, maximum B fiber stimulation, 25 stimuli, at 3 see- 
ond. C, 15 stimuli to B fibers at 5 second. Record continuous with D, record of 
block of all A and B fibers by short period of strong faradization. After 1.5 minutes, 
E, 15 stimuli 3/second maximal for C fibers, B still blocked as shown by F, 15 stimuli 
at Bstrength. G, 15 stimuli at 5/second, C maximal, B blocked; and HH, 25 stimuli, 
ditto. Dial was then given intravenously until the B response was materially de 
creased, C response still present, then ether was given. J, B recovered to } its size 
before block, 15 stimuli at 3/second, respiration increases and animal yelps. During 
this response very brief faradization at J again blocked B fibers without noticeable 
reflex effect. A, 75 stimuli at 3/second. C wave maximal, causes slight if any 
response, C response blocked differentially to B by ether. Time in seconds 
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prevented (fig. 3). Responses to B stimuli were still present. It appears 
as if these two reflex pathways were quite distinct up to the region in the 
cord where they find a common pathway, and that to low concentration of 
anesthetic, the 6 pathway is selectively blocked by dial, and the C by 
ether; higher concentrations either affect a common pathway, or affect 
both pathways. The effect of ether alone is illustrated in figure 4. 

The behavior of animals under double anesthesia is characteristic. 
Under light dial the animal may be perfectly quiet until placed in position 


Fig. 4. 2/18/35. Dog, ether anesthesia, differential effects on B and C' fiber 


responses, blood pressure from carotid. A, deep anesthesia, maximal B fiber stimu- 


lation, B wave } amplitude of normal after previous block, 5 stimuli in one second. 


B, B fibers blocked. C, 5 stimuli, C wave maximal, trace of B wave remains. D, B 
fibers blocked again, £, 5 stimuli, C wave maximal, no B wave. Animal allowed to 
come out of ether. F, B fibers nearly completely recovered, 5 stimuli B strength 
G, B fibers blocked. H, C fibers only stimulated maximally, anesthesia becoming 
continually lighter. J repeated H, animal struggles. Time in seconds. 


on the animal board, after which the tail lashes, the tongue is extruded and 
moves continuously (particularly in cats), periodic writhing movements 
occur, ete. A very slight administration of ether on a sponge, much less 
than would be required of ether alone, quiets the animal completely. At 
this stage, then, and in this respect, ether and dial sum in their anesthetic 
actions most effectively. The same applies to the effects of stimulation; a 
little ether converts the exaggerated responses under light dial to those 
characteristic of a much greater amount of ether, and the effect is per- 
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sistent for a surprisingly long time after ether adm 

On the other hand, when the respiration under even a litt! 
teristically slowed, the addition of a little ether quickens the 
(fig. 2-I, J). This may occur even under deep dial anesthesia, 
respiratory reflexes are obtained from nerve stimulation, and 


not due tostimulation of the respiratory endings in the walls ot 


Fig. 5. 2/4/35. Dog, local anesthesia over course of saphenous nerve, no general 
anesthesia. <A, 5 stimuli of B strength, B, B fibers blocked. One minute elapsed 
time testing for B wave, to C, 5 stimuli somewhat submaximal for C fibers, D, maxi- 
mal C wave, 5stimuli. Thesecond deep respiratory wave is asigh. B fiber block 
F stimulation at B strength, and G, at C strength. After 2 minutes, M7, 5 stimuli 
over electrodes proximal to body, B strength, 7, 5 C stimuli at end of nerve, still 
blocked midway Time in seconds 

J, trace of oscillograph contact print, A and B waves, A, shock only at B strength 
after block of B fibers, L, C wave at end of experiment, presumptive base line of 
shock distortion in dash line. Amplification 150 mm, my. { size 


3. Re SPONSES to nerve stimulation afte r nitrous oxide anesthe sid, and under 


local anesthesia. Although ether is eliminated rapidly through the lungs, 


it is probably selectively retained by nervous tissue, and the experience of 


human patients would indicate that its effects are more persistent than its 
volatile character might suggest. We presume that our previous failure to 
obtain reflex effects from C fiber stimulation in dogs decerebrated under 
ether may have been due to incomplete elimination of the ether. To 
check this, and to ascertain whether dial was inducing or exaggerating C 
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responses as compared to the normal animal, dogs were operated under 
nitrous oxide-oxygen anesthesia, and under intradermal anesthesia alone 
over the course of the saphenous nerve. Otherwise the experiments were 
identical to the previous ones. Effects of stimulation of C fibers alone were 


unequivocally present (figs. 3, 5, 6, 7). With a minimal number of maxi- 


Fig. 6. 2/4/35. Dog, nitrous oxide during operation, then no anesthesia A, B, 


' 2 short faradizations to block B fibers. C, five B stimuli in 1 second, repeated, D, 


strip continuous with above, 5 C stimuli, followed by repeated periods of B stimuli as 
B fibers return from block until response at E when B wave was {| normal size. Later 
in experiment, dog less responsive, F, 125 stimuli at C maximal strength, slowing of 
respiration followed by quickening after stimulation. G, 5 stimuli B strength, B 
wave | size, respiration speeds up. Time in seconds. H, oscillograph record some- 
what later, B wave nearly maximal, A just appearing. J, C wave photographed 
during F above. Amplification 220 mm/mv. reduced 3. 


mal stimuli for B or C fiber groups separated by block of B fibers, the re- 
sults varied from animal to animal depending on the animal’s ‘“‘tempera- 
ment” and the effectiveness of the attendant in keeping it quiet by talking 
and kindly manipulation. A given minimal effect, however, on respiration 
or on body movement or other signs of distress, was obtained by definitely 
fewer stimuli to B fibers than to C, in a given animal, and a longer latency 
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of response was observed to € stimulation than to B, ora gi 
stimuli of B fibers gave greater effect than the same number of ¢ 
effects in the homolateral limb as indicated by action current 
muscles exposed in dissecting the nerve showed the same differen: 
below) as were obtained from animals under deeper anesthesia 
4. Comparison of the characte: of response to B fiber and to C file 
tion. In general, reflex responses to C fiber stimulation under dial or aft 
local anesthesia only, show a longer latency, a less effect per impulse p 


fiber, and a smoother summation of effects of stimuli of low fre quency, tha 


Fig. 7. 2/6/35. Dog, nitrous oxide during operation. A, 10 shocks, 6 ond 
B strength B fibers then blocked. B, 30 stimuli at 6/second test for B response 
C, 30 stimuli C strength. D, repetition of B, but 10 per cent of B wave has returned. 
E, B fibers blocked, F, B test as above, G, 30 stimuli (' strengt h, H, same, B stre ngth 
Time in seconds r. oscillograph record of B wave return after bloc k, neariv MAxXil- 


mal, with trace of A, much delayed. J, C wave after B block, 170 mm) my. reduced 3 


obtains for responses to B fiber stimulation. We have made some prelimi- 


nary effort to find whether different reflexes were called forth by these two 


groups of fibers in the same nerve. In some cases the opposite is true as 
judged by our present criteria of what a unit reflex is. Both mechanisms 
increase the frequency and depth of respiration, on stimulation of either 
saphenous or vagus. Both give the initial decrease or paralysis of respira- 
tion at the initiation of strong stimulation. We have not usually observed 
a slowing of respiration due to C fiber stimulation alone, such as may be 
obtained from myelinated fiber activation under selective conditions of 
intensity and frequency of stimulation. Both mechanisms may either 
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raise or lower the systemic blood pressure, depending again on the condition 
of the experiment and the state of the animal. We do not feel that this is 
significant until we know in what manner local reflexes, that is, vasocon- 
striction or dilatation in local regions corresponding to a circumscribed 
reflex pathway, contribute to the general systemic effect. Stimulation of 
either group of fibers may dilate the pupil. General body movements are 
produced by either; under dial, these occur only after C stimulation if the 
frequency of stimulation is slow, but apparently identical responses can be 
obtained due to B stimuli of higher frequency. Under ether the order of 
occurrence of these movements is reversed. Without anesthetic they 
accompany all stimuli above threshold ones, and are presumably more 
complex in the conscious animal than simple reflexes. 

In the responses of the skeletal muscles of the homolateral limb (and pre- 
sumably in other muscles where we have not yet investigated them), the 
reflexes to B and C fiber stimulation differ so characteristically as to justify 
the inrerence that there are separate B and C reflex mechanisms, which 
may employ the same motor mechanisms in the periphery for their final 
expression, but whose courses through the spinal cord to reach these final 
pathways may be differentially modified. 

The response to a single B stimulus of the homolateral muscle in a lightly 
or non-anesthetized animal is essentially a twitch, or a brief contraction in 
which several twitches are summed, of the character of the knee-jerk. The 
first response to a series of maximal B stimuli of low frequency may be 
greater than successive responses, or the first few may increase, the follow- 
ing responses decrease in value, the responses being discrete as indicated by 
the action currents of the muscle. At higher frequency or sufficiently long 
duration of low frequency, a summated tonic or clonic response follows, 
involving the limb as a whole, with twitches superimposed for each stimu- 
lus. Rapid stimulation under deeper anesthesia may result in fusion of 
such twitches to a smooth tetanus without widespread involvement of the 
limb as a whole in more complex movements. The action currents of the 
muscle correspond, except that the periodic discharge timed with the stimu- 
lation may be seen to be complicated, after the more severe stimuli, by a 
random or scattering discharge of lower amplitude. The latent period to a 
single shock is brief, of the order of that of the knee-jerk. 

The response to a single C stimulus uncomplicated by 6 responses has a 
much longer latent period, when it causes a response at all. Usually 
several stimuli are required. They are summed smoothly even at low 
frequencies, no twiteh-like responses occur, but a tonie contraction takes 
place with random discharge of muscle action currents, the contraction 
building up in tension with successive stimuli. This passes over into either 
an extensor spasm involving both limbs, or into writhing or struggling 
movements. The final result of either B or C responses is thus similar 
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except that the C response lacks completely the specific twitches charac- 
teristic of the B. 

5. Responses to stimulation of nerve to muscle and of sympathetic chain 
One experiment was performed, under dial, in which the dog was evis- 
cerated and the abdominal sympathetic chain stimulated. At B strength, 
each stimulus called forth a twitch reflex of the abdominal wall muscles 
No muscle reflex effect could be observed on stimulation of C fibers follow- 


ing block of B, although the C wave was higher in amplitude and much 
larger in total area than the B. Presumably most of these fibers were 
sympathetic efferents. Small responses of blood pressure and respiration 


were obtained from B stimulation, with a possible slight increase as C 
stimuli were added. Evisceration had removed in this case the structures 
in which a response might have been expected to take place. 

In one animal under dial, the nerve to the medial head of the gastroc- 
nemius was stimulated. In this preparation, in contrast to the sympa- 
thetic, the respiratory response to C fiber stimulation alone was greater than 
that to B; after a given number of stimuli, just sufficient to cause a how! on 
C' stimulation, B stimulation caused only weaker struggling. Administra- 
tion of ether just sufficient to stop restlessness and continued whining under 
dial alone abolished the respiratory response to C stimulation and reduced 
the response to B stimulation materially. The C wave in the muscle nerve 
is much smaller than in the saphenous, but a B wave is absent in the sen- 
sory component of the muscle nerve, the B fibers being represented as a 
decremental prolongation only of the A elevation (O’ Leary, Heinbecker and 
Bishop, 1935). Stimulation of B fibers of this muscle nerve however in 
conscious human subjects at operation under local anesthesia (unpublished) 
causes sharp pressure pain referred to the muscle, which is accurately 
differentiated from the pain due to similar stimuli to adjacent skin nerves. 

6. Are non-myelinated fibers ambivalent? We have previously reported 
what seemed to be reflex vasodilator responses, over the dorsal roots in 
sympathectomized animals (Bishop, Heinbecker and O'Leary, 1933) con- 
firming Bayliss (1901) and Fofanow and Tschalussow (1913), and assigning 
these effects to the non-myelinated fibers of the dorsal roots. We had 
given a like significance to the apparently motor effects obtained by 
stimulation of the peripheral stump of the vagus after cutting above the 
nodose and degeneration of all known motor fibers of medullar origin. 
Since, however, the non-myelinated fibers also give afferent effects, the 
question arises whether to designate their efferent action as antidromic, or 
simply as motor. In the latter case the implication would be, either that 
two groups of these fibers exist, one group sensory and one motor, or that 
the same fiber normally in the bodily activity was capable of being acti- 
vated at either end, and of conducting an impulse in either direction. 

We cannot choose between these alternatives at present, but two con- 
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siderations may be of significance here. First, the only afferent fiber group 
to which an ‘‘antidromic’”’ or “‘motor’’ function can be assigned at present is 
the group of non-myelinated fibers of the dorsal roots, and homologous 
fibers in the vagus. Second, Speidel (1934) has found that in nerve twig 
regeneration the non-myelinated fibers, anastomosing with other non- 
myelinated fibers from other twigs, may not degenerate distal to a cut, 
and that these fibers contribute to growing myelinated fiber cell elements 
essential to the myelination of the latter. Both these facts, of anastomoses, 
and of the relation to myelinated fibers, attest the more primitive character 
of non-myelinated axons. The possibility that peripherally at least, there 
may be involved transmission from fiber to fiber through a terminal net- 
work remains to be tested. The peculiarities involved in the functioning of 
these fibers indicate accessibility to stimulation at their central ends as well 
as peripherally. Under such a situation the axon reflex supposed to 
account for certain local phenomena in skin stimulation would also serve a 
central reflex mechanism for vasodilatation in the skin, and motor activity 
in the intestine might be brought about similarly. 


SUMMARY 


1. The functions of non-myelinated fibers have been reinvestigated under 
different anesthetics, and after differential and reversible block of mye- 
linated fibers by alternating current. 

2. Dial as an anesthetic reduces the reflex effect of the stimulation of 
myelinated fibers differentially as compared to non-myelinated fibers, 
(confirming Clark, Hughes and Gasser) and ether acts differentially in the 
reverse order. 

3. NO».—Os anesthesia seems to have a less differential effect than the 
other two anesthetics employed; the actions of all three have been checked 
against the normal response obtained after local anesthesia only at the site 
of the nerve dissection. 

4. The reflex effects of stimulation of myelinated and of non-myelinated 
fibers are in some respects different. Certain muscle responses to mye- 
linated fiber stimulation consist of a succession of twitches on repeated 
stimulation, even the first stimulus being effective, which are summed to a 
smooth tetanus only when the frequency of stimulation is high. Responses 
of the same muscles to non-myelinated fiber stimulation usually require 
more than one stimulus, and are smoothly summed at slow rates of stimula- 
tion. The action currents of the muscle show a random discharge, in con- 
trast to the succession of volleys characteristic of the responses to mye- 
linated fiber stimulation of the same frequency. 

5. The reflex responses to non-myelinated fiber stimulation in the 
saphenous, the nerve to the medial head of the gastrocnemius, the sympa- 
thetic trunk and the vagus, are similar, with respect to respiration, blood 
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pressure, and pupillary dilatation, and except for localization, with respect 


to muscle responses. They undoubtedly are capable of producing pain in 
all these nerves, the degree apparently depending chiefly on the number of 
fibers available in each nerve. Less effect is produced per impulse per fiber 


than for myelinated fibers. 

6. Since in the spinal dorsal roots and in the vagus degenerated above the 
nodose ganglion stimulation toward the periphery results in efferent or 
motor effects, but only the stimulation of non-myelinated fibers has this 
result, it is considered possible that these fibers have a central motor con- 
nection and a peripheral motor ending, as well as the sensory connection, 
“Antidromic”’ effects and ‘‘axon reflexes” in the periphery would on this 
basis involve their activity as efferent pathways. 
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The therapeutic value of liver in anemia is widely known. It has been 
suggested in a preliminary report (Hanson and De Savitsch, 1934) that the 
role of the liver may be more general than is indicated by its action in 
anemia, that the liver may function to reéstablish the normal number of 
erythrocytes in the blood whether these be too low or too high. If the 
liver does act as a regulator, then its administration should in some degree 
be successful therapeutically in conditions of polycythemia. 

To test this hypothesis, a sustained polycythemia was produced in 
experimental animals, which were then treated with liver. Red cell counts 
at frequent intervals revealed the correctness of the assumption. 

Among the various methods of producing polycythemia experimentally 
may be mentioned the administration of germanium dioxide (Hammett 
and others, 1922), injection of serum from an animal in which the erythro- 
blastic reaction is taking place (Carnot and Deflandre, 1906), and feeding a 
diet low in ash content (Swanson and Smith, 1932). The agent most 
frequently used is cobalt, administered as the chloride, nitrate or glutamate 
salt. Mice, guinea pigs and frogs have been found sensitive to cobalt 
(Sutter, 1934), while dogs, rabbits and rats have been used most 
extensively. 

The hematopoietic effect of cobalt was first noticed by the Waltners in 
1929. These workers found that injecting or feeding cobaltous salts 
produced an acute polycythemia in rats. The following year the abnor- 
mally red and hyperplastic bone marrow characteristic of the condition was 
seen in cobalt-fed dogs (Mascherpa, 1930). Orten and his co-workers 
(1932) administered 0.5 mgm. of cobalt per day to rats on a milk diet sup- 
plemented by salts of copper and iron. This treatment increased the red 
blood cell count, the hemoglobin and cell volume, while the leucocyte value 
was not significantly altered. Further work (Orten and others, 1933a) 
showed that manganese added to the régime not only appeared to stabilize 


1A preliminary report of this work was presented before the American Physio- 
logical Society on March 30, 1934. 


194 


ANTIANEMIC TREATMENT IN EXPERIMENTAL POLYCYTHEMIA 195 


the polycythemia, but also alleviated any toxic effects of long-continued 
administration of cobalt. This latter finding has been confirmed by 
Kleinberg (1934) on rabbits. Later workers (Beard and Andes, 1934 
claim that it is not necessary to add copper to the diet. 

EXPERIMENTAL WORK: METHODS. The present experiments have been 
carried out over a period of twenty months. White rats from the stock 
colony were weaned at the age of 21 days and distributed among experi- 
mental and control groups as evenly as possible as to sex and litter. The 
groups were kept in separate cages bedded in sawdust. At the age of four 
to five weeks, the stock diet was discontinued, and whole milk supplied ad 
libitum, supplemented with cod liver oil and yeast. This diet permitted 
maintenance of health and a continued growth below that of normal rats 
At the same time each animal received daily 2.5 ec. of a solution containing 
cobaltous chloride, cupric sulfate, ferric chloride and manganese sulfate in 
such quantities that each dose contained 0.5 mgm. cobalt, 0.5 mgm. iron, 
0.025 mgm. copper, and 1.0 mgm. manganese. It was found convenient to 


TABLE 1 


Erythrocyte counts in millions per cubic millimeter with and without ether anesthesia 
YOUNG NORMAL FEMALES ANIMAL 1 ANIMAL 2 ANIMAL 3 AVERAGE 
Without anesthesia. 5.95 72 


With ether one hour later.. 7.80 410) 


03 


7 
‘ 2 


~ 


YOUNG NORMAL MALES ANIMAL 4 5 AVERAGE 


With ether. . 9 25 10.07 é & 93 


Without anesthesia one hour later 37 9 77 & 


administer the solution by stomach tube. A control group fed the normal 
stock diet was run simultaneously with each series of experiments. 

After two to three weeks on the milk-mineral régime, preliminary ery- 
throcyte counts were made to ascertain the degree of polycythemia. These 
counts were done every other day until three of the same magnitude were 
obtained. The usual diluting pipet and improved Neubauer counting 
chamber were washed and dried between counts, so that the same ones 
served throughout the entire series of experiments. Hayem’s solution 
was the diluting fluid, and three squares of sixteen on one scale plus two 
on the other were counted. By taking squares in the same position each 
time, choice was eliminated. 

Blood was taken directly by heart puncture under light ether anesthesia. 
Comparative counts on the same animals with and without ether showed 
no appreciable difference in the numbers of circulating erythrocytes. 
These figures are presented in table 1. 
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Treatment was carried out over a period of two weeks, during which 
time the cobalt administration was continued and the erythrocytes were 
counted every other day. In a few cases, reticulocyte counts were made. 
These were vitally stained with brilliant cresyl blue, and the smears stained 
with Wright’s stain. 

Resutts. The results of all experiments carried out as controls are 
presented in the first part of table 2, and are graphically represented in 
figure 1. 

Normal control animals showed an erythrocyte count which steadily 
increased from an average of approximately 7.5 million cells per cubic 


TABLE 2 


Average experimental and control erythrocyte counts in millions per cubic millimeter 


a é CONTROL PERIOD DAYS AFTER INITIAL TREATMENT 
CONDITION AND DAILY 
I 2 4 6 8 10 | 12 14 
12} Normal—un- 7.98) 7.81) 7.82 8.55 8.12 | 8.29 | 8.82) 8.42 
treated | 
8 | Normal—liver ex- | 7.21} 7.31} 7.27 7.12 7.37 7.84, 8.06 
tract | 
16 | Polyeythemic 11.16.11.71 11.61 11.60 11.62 11.64 |10.98 11.20 |11.3911.30 
saline 
7 | Polyeythemic- 10.27 10.86 10.93 10.60'11.29)10.80 [11.03 10.56 11.2410.43 
kidney extract | 
Polyeythemic 10. 8811.15 10.88 11.2411.41/10.96 11.08 \11.20 10.51)11.42 
raw meat | | 
23 | Polyeythemic— 10.90/11 9.93 10.67 |11.39 |11.85/12.01 
| liver extract | | | 
12 Polycythemic- 10.50 10.44 10.69, 10.70) 9.86/10 53”) 9.81 |10 18*| 9.73) 9.63 
ventriculin | | 
8 | Polyeythemic- 10.11/10.26 |11.04*)10.14 |10.24) 9.80 
| raw liver | 


* These figures represent experiments on reduced dosage. 


millimeter to 8.5 million. This is a typical increase with age for rats 
(Donaldon, 1924). Intramuscular liver extract? injections in a group of 
eight normal animals produced no demonstrable effect upon the erythro- 
cyte count, other than the normal increase with age mentioned above. 
This is contrary to the findings of Watkins (1928). Reticulocyte counts on 
two untreated normal animals were below 1 per cent. 

Polycythemiec control animals yielded preliminary values ranging from 
ten to thirteen million erythrocytes per cubic millimeter, with an average of 

2 The first experiments were performed with Lederle extract, which was unsatis- 
factory. Weare greatly indebted to Eli Lilly and Company fora tested concentrated 
extract, which was used throughout the experiments reported at this time. 
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11.5 million, as compared to an average of 7.6 million for the normal con- 
trols. The counts increased with the length of time on the cobalt régime, 
as may be seen by comparing the three figures obtained for the preliminary 
control periods in all groups on table 2. Daily intramuscular injections of 
0.25 ec. saline did not alter the count. The reticulocytes of two poly- 
cythemic control animals averaged 3.8 per cent. 

Kidney extract? was tested on a group of seven animals to determine 
whether the response found with liver extract might be obtained with that 
of another tissue. Daily intramuscular injections of 0.25 ec. kidney extract 
caused toxic symptoms and fluctuation in the erythrocyte count which at 


8 
i 


a) 2 € 8 #A 8 A ‘2 
ALTER «TREATMENT TER TREATMENT 


Fig. / Fig.2 


Fig. 1. Erythrocyte counts of normal and polycythemic control rats, from data of 
table2. Included for comparison is the curve of a typical group of four polycythemie 
animals receiving liver extract. 

Fig. 2. Percentage variation in erythrocyte counts of treated and untreated poly- 
cythemic rats, taking the average of the control period counts as 100. Data from 
table 3. 


no time fell below the initial polyeythemic level for this group. By no 
means does this indicate that the anti-polycythemic action of the liver is 
specific, however, for the kidney extract was an alcoholic one, while that 
from the liver was aqueous. 

The results with experimental groups are summarized in the second part 
of table 2. Table 3 and figure 2 present in percentages the variation from 
the control polycythemic level brought about by liver extract, ventriculin 
and fresh liver. 

Liver extract was injected into the thigh muscles of a total of 23 poly- 


3 Furnished by Abbott Laboratories, North Chicago, Illinois 


SALINE a 
LVER EXTRA a 
(StRES*S) 
8 
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cythemic rats. The daily dose of 0.25 cc. represented the material from 
approximately 8.3 grams of fresh whole liver. This treatment caused a 
brisk but temporary fall in the red cell count, which in six to eight days 
amounted to from 13 to 2 million cells per cubic millimeter. At the lowest 
point, the average fall was to 87 per cent of the polycythemic control level. 
In a few cases the count fell to that of the normal controls. Among the 
animals tested, there were several found to be irresponsive to the treatment. 
This may be due to some absolutely refractory condition of the animals, 
or to a period of treatment too short to discover a slow response. The 
lowered erythrocyte count could not be maintained, the level rising again 
to an even higher value than before, in spite of continued administration of 
liver extract. Sometimes an increase preceded the fall, as may be seen 
from the curve of a typical group of four animals included in figure 1. 
Reticulocyte counts on two animals which received liver extract injections 


TABLE 3 
Percentage variation from control erythrocyte counts of normal and of treated 
polycythemic rats 


CONTROL DAYS AFTER INITIAL TREATMENT 


| AVERAGE 
CONDITION AND DAILY TREATMENT IN MILLIONS j 
PER CMM 9 | ‘ 
(mon) 2 | 4 6 $ | } 14 
Normal—untreated . Bis 7.57 | 103 | | 102 | 109 | 110 | 109 
Polyeythemic—saline . 11.49 | 101 | 101 | 101 | 96 | 99) 98 
Polyeythemic—liver extract... 11.40 | 93) 87 | 94) 100 | 105 
Polyeythemic—ventriculin . . 10.54 | 102 | 100%; 97*| 92) 91 
Polycythemic—raw liver 10.31 | 113 | 112 | 100 | 107*; 98 | 100 | 95 


* These figures represent experiments on reduced dosage, and for the sake of sim- 
plicity are not included on figure 2. 


averaged 2.1 per cent. These counts were made when the treatment was 
having most effect, as shown by the erythrocyte level, and yield a value 
not quite half as great as that of the untreated polycythemic controls, but 
still higher than normal. 

Since the response to liver extract was so spectacular, we were inter- 
ested in seeing whether other antianemic agents would be successful. With 
this in view, 2.5 grams of hog gastric mucosa preparation* were added to 
the milk-mineral régime of twelve polycythemic rats. The resulting fall 
in red blood cell values was not as great as that obtained with liver extract, 
but the lowered value was maintained throughout the experimental period. 
When the amount of ventriculin was decreased, as happened on the sixth 
and tenth days after the initial treatment (these figures are marked by 
asterisks on tables 2 and 3), the value rose again towards the polycythemic 


4 Parke, Davis and Company’s ‘“‘ventriculin.”’ 
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control level. Doubling the amount of ventriculin did not appreciably 
alter the response. Reticulocyte counts on two particularly responsive 
animals averaged 2.0 per cent, a value almost identical with that obtained 
for the animals receiving liver extract. 

Raw liver was given to eight polycythemic rats, each receiving approxi- 
mately 8 grams of fresh tissue per day. This amount corresponds roughly 
to the material administered per day in the liver extract injections. This 
resulted in an immediate further rise of 13 per cent in the already high 
erythrocyte count. By the sixth day the count returned to the contro] 
polyeythemic level, around which it remained for the rest of the period. 
It might be possible that some of the potency of the fresh liver tissue was 
destroyed during digestion, so that the amount administered per os was not 
comparable to that injected. Reticulocyte counts on two animals aver- 
aged 1.4 per cent, a figure which indicates that raw liver was more effective 
than the other forms of treatment in suppressing the numbers of circulating 
immature red blood cells. 

By way of control, four polycythemic rats were fed approximately 8 
grams of raw, lean meat. This caused fluctuations in the erythrocyte 
count, but resulted in no significant change. 

Discussion. There can be no doubt that the increase in number of red 
blood cells brought about by cobalt is a true polycythemia, due to an 
increase in the rate of formation of new cells over the rate of destruction. 
That it is not a relative polycythemia, brought about by the concentration 
of erythrocytes through loss of plasma, is ruled out by the studies of Orten 
and others (1933b). These workers found that in chronic experimental 
polycythemia, there is an increase in the total blood volume, due to a rise 
in cell volume as well as to increased numbers of cells. The absence of 
large variations in the leucocyte count also eliminates the occurrence of a 
concentration of blood. The factor of mobilization of previously non- 
circulating cells has not been directly disproven, but the following consid- 
erations make it improbable. First, the macroscopically visible hyper- 
plastic bone marrow, to which we have already referred, indicates increased 
activity on the part of the erythropoietic tissue. Secondly, the formation 
of new erythrocytes is indicated by our own increased reticulocyte counts 
of the untreated polycythemic control animals, and by the reticulocytes and 
dividing normoblasts found in the circulating blood of rabbits made poly- 
cythemic by cobalt (Klienberg, 1934). 

The mechanism by which cobalt produces a true polycythemia is un- 
known, but there are several clues at present. The most direct evidence is 
that of Berwald and others (1934), who have found that cobalt sulfate is 
unable to produce polycythemia in splenectomized rats. A few informal 
studies of our own indicate that the milk and mineral régime does not 
produce microscopically visible changes in the liver. The fact remains 
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that in some direct or indirect manner, cobalt stimulates the formation of 
erythrocytes in the red bone marrow. 

It becomes interesting to compare cobalt polycythemia with the condi- 
tion of primary polycythemia in humans (erythremia, Vaquez-Osler 
syndrome, splenomegalic polycythemia, polycythemia rubra). First 
described by Vaquez in 1892, and elaborated upon by Osler (1903), this 
usually fatal disease is characterized by an increase in blood volume accom- 
panied by vascular engorgement of all organs. The increased blood vol- 
ume is due to increased numbers as well as size of the erythrocytes (Deleon- 


ardi, 1934), while the leucocytes and other formed elements may or may not 


be increased. This blood picture relates the human disease to experimental 
polyeythemia in animals. First descriptions of the disease are very 
positive about the fact that the red marrow is the only tissue showing 
hyperplastic changes. Careful searching by later workers (Delannoy, 
1924; Letulle and Yacoel, 1924), has revealed evidences of hematopoietic 
activity in the spleen. Hirschfeld (1925) declares that even in light cases 
can hemopoiesis be seen in the spleen, in addition to the usual changes in 
the red bone marrow. 

The condition of primary polycythemia has been ascribed to many causes 
(see Weber and Bode, 1929), but most writers agree upon the truth of 
Vaquez’ original contention that the hematopoietic tissues are primarily at 
fault. Today, however, it is necessary to include the spleen as a hemato- 
poietic tissue, in view of the autopsy evidence. 

The suggestion of an hormonal control of the blood-forming tissues is not 
anewone. The early work of Carnot and Deflandre (1906) suggested this 
possibility. These investigators found that a small loss of blood conferred 
upon rabbits’ sera an activity strongly hematopoietic when injected into 
new rabbits. 

Hormones from several sources have been tentatively suggested as con- 
trolling hematopoiesis.6 On the basis of one clinical case, Morris (1933) 
presents “addisin,”’ from the gastric mucosa, as a stimulator to the bone 
marrow. He found that his patient’s polycythemia was made worse by 
intravenous injection of addisin, while lavage incidental to the treatment of 
duodenal ulcer brought a ten million erythrocyte count down to normal in 
six months. If addisin is comparable to or contained in ventriculin, then 
Morris’ findings do not confirm our results with ventriculin in cobalt 
polycythemia. However, the difference in mode of administration may be 
a contributing factor. 

Several writers have attributed the hormone to the liver. This hormone 
may play a stimulant or inhibitory r6le; if it stimulates the bone marrow, 
then polycythemia is held to be the result of hypersecretion; if it inhibits 


5 For a discussion of the occurrence of polycythemia in endocrine disturbances, 
see Gunther (1929). 
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the marrow, then insufficient secretion would remove a check upon ery- 
throcyte formation. The former view is that of Hirschfeld (1925), who 
supports it with the fact that anemic patients have been benefited by 
administration of serum possessing hematopoietic qualities alter previous 
blood-letting. The latter view is supported by our own findings with liver 
extract injections, and may be invoked to explain the results of others. 

Phillips (1933) saved a polycythemic patient, after other measures had 
failed, by irradiation of the liver. He attributes the cure to stimulation of 
the liver to take over the blood-destroying activity of the removed spleen. 
It is not impossible, however, that irradiation should have stimulated the 
secretion of a hormone which checked the overactivity of the red bone 
marrow. 

Stephan (1930) found that both spleen and liver extract given orally 
produced a prompt response in the few polyeythemic patients on whom it 
was tried. Stephan explains this not by assuming a hormone from the 
liver, which is stored in the spleen, but by assigning the origin of the 
material tothe suprarenalcortex. He presents experiments with adrenalin- 
free cortin which brought about a slight drop in erythrocyte count in a 
few hours. However, the experiments seem too few in number and the 
change in red cell] count too small to be conclusive. 

Although we hesitate to add to the legions of dubious hormones already 
postulated for the liver, the balance of evidence indicates an hormonal 
control by the liver inhibiting the red bone marrow. The fact that we were 
not able to detect microscopic changes in the secretive elements of the liver, 
and that liver changes in the Vaquez-Osler syndrome have not been found, 
does not obviate the possibility that polyeythemia is the result of a decrease 
in the amount of inhibitive liver hormone. On the other hand, it may be 
that the organism’s need for the hormone has increased, and that there has 
been no compensation for the increased need, so that the normal supply 
becomes inadequate. The postulation that the liver and spleen act as a 
storage place for a hormone whose origin is elsewhere seems unnecessary. 

Our results with ventriculin indicate that this substance contains the 
hormone or stimulates the liver to its production. The fact that the 
lowered erythrocyte couiii was maintained throughout the experiment by 
ventriculin leads us to believe that further experimentation with this 
substance would be more successful than that carried out along other lines. 
The temporary effect of liver extract, with a return to even higher figures, 
may indicate that we are dealing with two substances, of which the inhibi- 
tive one soon stimulates the development of an immunity to itself. Such a 
supposition makes possible an explanation of the absence of lowering effect 
of fresh whole liver per os, as the inhibitive substance may succumb to 
digestive processes. The hypothetical character of the explanations which 
we have assayed makes further research imperative. 
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We are especially grateful for the encouragement and assistance which 
Prof. Anton J. Carlson has given this work. 
SUMMARY 


A true polycythemia has been produced in rats by the administration of a 
milk diet supplemented by salts of cobalt, iron, copper and manganese. 


Red cell counts of blood obtained by heart puncture revealed a polycythe- 


mia of from 10.5 to 13 million cells per cubic millimeter, in contrast to 7.5 
to 8 million for the normal controls. 

The high erythrocyte count has been promptly lowered to an average of 
87 per cent of its initial level within six days by daily injections of 0.25 cc. 
concentrated liver extract. Controls receiving injections of saline or 
kidney extract maintained a count averaging 11.5 million. The fall in 
erythrocytes was only temporary, a return to above the initial level occur- 
ring although the liver extract was continued. 

Administration of ventriculin brought about a more gradual and less 
pronounced decrease in erythrocytes, which was maintained throughout the 
experiment. 

Feeding of fresh whole liver caused a temporary increase in the already 
high erythrocyte count, but no lowering occurred. Fresh lean meat 
produced no change. 

Certain similarities between cobalt polycythemia in rats and primary 
polycythemia as it occurs in humans have been discussed, and some of the 
theories of direct or indirect hormonal control of the erythroplastic tissues 
have been presented. The evidence presented is interpreted by assuming a 
hormone which originates in the liver and exercises an inhibiting action 
upon hematopoiesis. 
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The origin of the large amount of protein which enters the blood during 
and after perfusion in the rat (1) has been presumed to be in the tissue 
spaces or organ depots. In an effort to place this site of origin more cer- 
tainly, the amount of protein regeneration in the blood after a single large 
bleeding was measured, and the influence of splenectomy, fasting, and in- 
jection of India ink on the regeneration noted. 

Meruop. The method is a modification of that described in detail by 
the authors (1) in the determination of total plasma protein in rats. From 
one of the jugular veins a rat is bled of about 40 per cent of his total blood 
volume. This is called specimen I. For the succeeding 12 hours the rat is 
allowed water but no food; then the jugular vein is again opened and an- 
other large sample of blood taken and designated specimen II. Imme- 
diately a cannula is inserted in the other jugular vein and the remaining 
blood of the rat is washed out with normal saline solution and collected as 
specimen ITI. 

To determine the rat’s blood volume at the conclusion of the experiment 
(after the 12 hours of fasting), specimens IT and III are centrifuged and the 
ratio of red cells to plasma volume in specimen II (whole blood) and the 
volume of red cells in specimen III (blood diluted with saline) noted. 
From these data it is a simple matter to calculate the total plasma volume 
of the rat according to the following equation: x = ast where x represents 

c 
the total plasma volume of the rat at the conclusion of the experiment, a is 
the total volume of red cells in specimens II and ITI, } is the plasma volume 
of specimen II, and c is the red cell volume of specimen IT. 

To determine the rat’s total blood volume at the onset of the experiment, 
specimen I is also centrifuged, and plasma volume is calculated by the 


ae 
formula: y = 7 where y equals the total plasma volume of the rat at the 


onset of the experiment, d represents the total red cell volume of specimens 

I, II, and III, e is the plasma volume of specimen I, and f is the red cell 

volume of specimen I. This formula will give a plasma volume y which is a 
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little high, inasmuch as d will be increased by red cells entering the circula- 
tion from the spleen and elsewhere during the 12 hours between the first 
and second bleedings of the rat. 

Since total plasma protein values are obtained as the product of plasma 
protein concentration and total plasma volume, this high value for plasma 
volume is reflected in the calculations of total plasma protein, giving 
abnormally high values for the latter, the actual discrepancy amounting 
to an increase of some 10 percent. In these experiments, protein regenera- 
tion is taken as the difference between calculated total protein at the onset 
of the experiment and calculated total protein at its conclusion 12 hours 
later. Consequently, since the method of calculation of total protein at 
the onset yields high values, the figures obtained for regenerated protein 
will be low, but will nevertheless give an indication of their true values. 

The effect of splenectomy at the start of the procedure; of the intraperi- 
toneal injection of 1 ce. of india ink at the start of the procedure; and of 


TABLE 1 


Average values for total plasma protein of rats before and after various procedures 


FINAL PLASMA 


WINAL PLA P TEIN 
RIGINAL PLASMA PROTEI PROTEIN 


NUMBER 
OF RATS 


PROCEDURE Total With- Total 
drawn, Per cent 


gm _/100 em ./100 of total gm_./100_ of original 


sq.cm sq.cm sq.cm total 


Control........ 0.0981 | 0.0408 4] 0.1021 104 
Splenectomy. | 0.0941 | 0.0392 41 0.0921 97 
India ink ; 0.0806 | 0.0317 39 0.0616 76 
Fasting 7 days... 0.0766 | 0.0336 44 0.0823 107 


fasting for seven days were compared with a control series. These com- 
parisons are valid only if the entry of red cells into the blood during the 12 
hour period is roughly constant. That this is so seems probable, inasmuch 
as splenectomy did not change the results. 

Resutts. The results are shown in table 1. In the control series re- 
moval of 41 per cent of the calculated original protein is followed in 12 hours 
by regeneration to 104 per cent of the original amount. Splenectomy and 
fasting after removal of 41 per cent and 44 per cent, respectively, did not 
significantly alter this return, the regeneration being 97 per cent and 107 
per cent of the original amount. 

Injection of india ink, however, decreased the return to 76 per cent after 
removal of 39 per cent of the original amount. The peritoneal surface, 
lymph glands, and liver were deeply stained by the india ink. 

The original hematocrits showed a consistently higher proportion of cells 
to plasma than the final hematocrits throughout all of the experiments. 
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Discussion. It is seen that the return to normal of the total blood 
protein in a short period after a severe bleeding far outstrips the return of 
red cells. The site of origin for this remarkable influx of protein is un- 
certain. However, since the injection of india ink decreases it, it may be 
supposed either that the reticuloendothelial system is responsible for its 
prompt manufacture, or, less likely, that the india ink has blocked lym- 
phatic channels and prevented entrance of tissue-space protein into the 
circulation. 


CONCLUSIONS 


1. Twelve hours after removal of 40 per cent of the blood, total blood 
proteins return to the original amount. 
2. Injection of india ink decreases this protein regeneration. 
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In 1911, Mathison (1) found that intravenous injection of potassium 
salts causes a markedly different effect than the intra-arterial injection. 
Intravenous injection causes a primary fall of blood pressure followed, if 
the dose be not too large, by a relatively small secondary rise. Mathison 
found also, that potassium salts injected intra-arterially, elicit a pronounced 
rise of blood pressure which resembles the response to epinephrine. We 
have confirmed these findings. 

The point we wish to add to Mathison’s work is, that the intravenous 
injection of a potassium salt immediately after, or within a short time after 
adrenalin, will elicit almost as great a rise in blood pressure as will the 
intra-arterial injection. In studying this response we have found also 
that KCl alone intravenously under certain conditions will give a great 
rise in pressure. The action after adrenalin seems to be due to an increase 
in the potassium content of the blood. 

There seems to be a direct relationship between adrenalin activity and 
the potassium of the tissues. Heinrich Schwartz (2) claims that 0.25 mgm 
per kilo of adrenalin intravenously in rabbits causes an increase in blood K 
as much as 86 per cent—which is inhibited by curare and ergotamine. 
The part played by KCl in the blood pressure rise is not discussed. 

IExXPERIMENTs. Dogs were anesthetized with pentobarbital about 35 
mgm. per kilo body weight. Injections were made into the femoral vein, 
and in case of arterial injections, the femoral or carotid artery was used, 
but the best results were obtained by injecting into the arch of the aorta. 

That this effect is due directly to the KCl and that a definite threshold 
of KCl is necessary to produce the action is indicated in the following 
experiments. 

Group I experiments. In this group of experiments the following facts 
were determined: 

1. Sensitizing doses of cocaine do not increase the response hence the 
effect is not due to liberation of sympathin EF. 

2. Repeated doses of KCl do not increase or decrease the epinephrine 
content of the adrenal glands as determined by biological assay. 
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Group II experiments. Keith and Binger (3) have shown that K salts 
are readily excreted in the urine, and Biernacki (4) states Na salts hasten 
the excretion of K salts. Amberg and Helmholz (5) have shown that 
NaCl detoxifies to some extent the effect of KCl. The appended experi- 
ment shows the combined effect of flushing out the KCl and the detoxifying 
action of Na. 


Fig. 1. Shows the blood pressure raising action of KCl before and after 0.5 cc. 
1:50,000 adrenalin hydrochloride solution. 


Fig. 2. Shows the progressive action of KCl given intravenously without any 
previous medication. 


July 3, 1935. In a dog weighing 11 kilos we injected intravenously 
within 30 minutes, 275 cc. 8 per cent Na2SQ,. 

The volume of urine excreted in two hours was 635 ec. After this, the 
reaction to adrenalin was markedly reduced. 

Repeated doses of adrenalin were given, after which KCl intravenously 
did not cause a rise of blood pressure, as it does ordinarily. An injection of 
5 ec. 5 per cent KCl into the aorta did cause a rise but not so great as 
normal. A second injection into the vein caused some rise. 

A second injection into the aorta caused a much greater rise than the 
first. After this, injections into the vein also caused a rise. The amount 
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of KCl to restore something near a normal response to adrenalin was 15 ce 
of 5 per cent solution. Our explanation is that the NasSO, had reduced 


Fig. 3. Shows the action of 1 ec. of KCI given intravenously, one minute after 0.5 
ec. 1:50,000 adrenalin hydrochloride solution, and 24 minutes after there having 
been 12 intervening 1 cc. doses of KCI. 


A 


Fig. 4. Shows the effect of gradually increasing the concentration of KC] in 
the bloed intravenously. 


Fig. 5. Shows comparative action of 1.5 ce. 5 per cent KCI when injected into the 
aorta and into the carotid artery. 


the KCl in the body to a level that was below the threshold necessary for 
the adrenalin-like action. Massive doses of NaCl intravenously will also 
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eliminate the response to adrenalin which to some extent at least may be 
returned by potassium. 

Group III experiments. Potassium salts cause a constriction of the 
vessels and smooth muscles (Mathison), and a depression of the heart. 
When injected intra-arterially, especially into the aorta, they act mainly 
on the arterioles and reach the heart so dilute that no great effect is pro- 
duced. When injection is made into the femoral vein, they reach the heart 
in a concentration that weakens the heart to such a degree that the blood 
pressure is lessened. In addition, potassium reaches the peripheral arteri- 
oles in such a dilution that the vaso-constrictor effect is less. Large doses 
of KCl intravenously, however, if they do not paralyse the heart cause a 
marked rise of pressure (see fig. 1). 

We have, therefore, tested the effect of raising the concentration of KCl 
in the blood slowly so that it would not immediately paralyse the heart. 
This was done by injecting intravenously a dose of 1 or 1.5 cc. of a 5 per 
cent solution in a 10 kilo dog every two minutes. The results were that 
after a few injections we obtained a response corresponding to the effect 
when the salt was injected into the artery (fig. 2). To raise the concen- 
tration of the KCl in the blood stream, it is necessary to inject repeatedly 
and the injections must be within a few minutes of each other (fig. 3) 
because of the rapid disappearance of the salt from the circulation. This 
also explains why we found that the result was obtained in about two 
minutes after the injection of adrenalin. To get a blood pressure rise from 
potassium chloride, therefore, all that is necessary is to raise the concen- 
tration of it, in the blood, and at the same time keep that concentration 
below the concentration that will paralyse the heart. Figure 4 shows this 
is quickly obtained when the renal arteries are ligated. 

Site of action. That the action is peripheral and direct on the blood 
vessel muscle is indicated by the following: 

Decapitation. A dog was decapitated, after the vessels to the head had 
been ligated, so that there was little bleeding. After adrenalin, KCl 
caused a distinct rise, but not so great as in the normal animal. The blood 
pressure was low and the response to adrenalin was also less than in the 
intact animal. The action occurs after atropine, nicotine and after removal 
of the adrenals. Mathison found it also occurred after ergotoxine. The 
main action is, therefore, peripheral, and apparently on the arterioles. 

The minimal effect produced by injection of KCl into carotid artery as 
compared with the marked reaction from injection into aorta suggests 
that the action is not due to a carotid sinus reflex (fig. 5). 

Therefore since the effect is not exaggerated by sensitizing doses of 
cocaine, and since it occurs after atropine, curare, and is not of carotid sinus 
origin it is concluded that the site of action is peripheral, directly on the wall 
of the arterioles and capillaries. 
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CONCLUSIONS 


1. The work of Mathison on the action of K salts is confirmed. 


2. The rise in blood pressure effect by K salts alone or after epinephrine 


is due to a direct action on the blood vessel wall. 
3. An increase in K content of the blood is necessary before the blood 
pressure raising action is effected. 
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In a previous paper the initial inotropic and the chronotropic effects 
produced on the sinus and atrium of the turtle heart by vagus nerve stimu- 
lation were associated with different groups of fibers. It was inferred on 
the basis of the evidence there presented that the fibers responsible for the 
initial inotropic effects were thinly myelinated, those responsible for the 
chronotropic effects unmyelinated. Herein are recorded results of further 
investigations of this problem in the turtle and in the eat. Evidence is 
presented consistent with the interpretation that in the turtle the inotropic 
and chronotropic mechanisms are separable, the latter not representing 
simply a further degree of depression of the former, but that this separation 
does not correspond sharply with the myelinated-nonmyelinated division. 
Certain pharmacological studies on the turtle and Limulus hearts using 
nicotine sulphate as a depressant are reported. 

It was found by us (Heinbecker, 1931) and by Lee (1935) that in a small 
percentage of turtle preparations using Pseudemys elegans, P. concinna 
and P. scripta, it was not possible to separate by thresholds an inotropic 
from a chronotropic effect on the sinus and atrium by stimulation of the 
right cervical vagus trunk. When using as stimuli shocks of short duration 
the number of such preparations is fewer than with shocks of longer dura- 
tion, a finding which depends upon differences in threshold separability of 
the various nerve fiber groups with different forms of stimulating current. 
In this and in previous investigations discharges of condensers ranging from 
0.01 to 0.1 microfarad were employed. In a few such preparations when 
the potential record was observed coincidentally with the myographic 
record it was found that both inotropic and chronotropic effects were being 
obtained when only the Bs; potential maximum was being elicited. In a 
still smaller percentage of preparations neither an inotropic or a chrono- 
tropic effect was obtained until the first portion of the C potential appeared. 
In the vast majority of turtles of all species studied the initial inotropic effect 

1 Assisted by a grant in aid (to G. H. B.) from the Rockefeller Foundation for 
research in neurophysiology. 
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was associated with the B; potential, the entire chronotropic effect with the 
C potential. No evidence as to the relative efficacy of single fibers from 
the B; and C fiber groups is available here, but elsewhere it has been shown 
that larger fibers of a similar group may have a greater physiological effect 
than small fibers (Bishop, Heinbecker and O'Leary, 1934). If the inotropic 
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Fig.1. Al, A2. Inotropic depression of turtle heart from stimulation of the right 
vagus nerve; plots of percentage depression against number of stimuli. A/. Stronger 
stimulus, 19.5 volts, just above threshold for chronotropic effect. Stimulation 
rate, 1.8 persecond. A2. Weaker stimulus, 16.5 volts, rate 5.5 per second, just below 
threshold for chronotropic effect. In AJ slowing took place after 85 stimuli, in 
A2 no slowing at any duration, even at 3 times the frequency. By stimulating 
purely inotropic fibers in A2 more rapidly the same degree of inotropic depression is 
obtained as by stimulating more fibers, some of which are chronotropic, more slowly. 

B2, B2. Same, but rate constant at 3.4 per second. In BJ, slowing after 60 
stimuli at 41.5 volts. In B2, noslowing at any duration at 38.5 volts. 


and chronotropic mechanisms are separable, not merely different degrees 
of the same effect, then in those occasional preparations where low thresh- 
old fibers have only an inotropic effect at any rate of stimulation it should 
be possible to test this difference. That is, if the same degree of inotropic 
depression were to be produced by each group of fibers the one group might 
also produce a chronotropic effect, the other not. This is found to be the 
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case. With slow stimulation, 1 per second, the degree of inotropic depres- 


sion obtainable from B; stimulation without any chronotropic effect varied 
from 0 to 60 per cent of the maximum obtainable from stimulation of all 
fibers at that rate. With faster stimulation, 4 to 8 times per second, in 
certain preparations up to 90 per cent or more of the possible maximum 
inotropic depression at that rate could be obtained without any chrono- 
tropic depression (fig. 1). With the faster rates of stimulation of those 
fibers (Bs in certain preparations) from which no chronotropic effect is 
obtained regardless of the rate and duration of stimulation it was shown 
that the form of the curve obtained on plotting the percentage of inotropic 
depression against the number of stimuli is similar in form and amplitude 
to the curve similarly obtained on stimulating at a slower speed all the 
B; and some of the C fibers, thereby producing both an inotropic and a 
chronotropic effect. The stimulus strength and frequency employed were 
such as to result in a moderate chronotropic depression after 15 to 30 sec- 
onds of stimulation. By temporal summation in one fiber group an ino- 
tropic effect was thus obtained identical with that resulting from the 
additional spatial summation when two fiber groups were involved.  Be- 
cause of the degree of inotropic depression obtainable, 90 per cent or more 
in certain cases, it is evident that inotropic depression is not simply <¢ 
lessened degree of depression of some mechanism, the further depression 
of which necessarily results in a chronotropic change. The above findings 
apply to the experiments involving the right vagus nerve. 

On the left side the findings were in general similar to those on the right 
as far as inotropic effects were concerned. But not infrequently slight, if 
any, chronotropic effect was obtained on stimulation of even a maximal 
C wave. Apparently the chronotropic fibers of each nerve are distributed 
principally to the pacemaker mechanism of the ipsolateral side. The 
right side being the usual locus of the controlling pacemaker, it follows that 
the right nerve is chronotropically more effective than is the left. When 
the pacemaker mechanism becomes left sided, then the left nerve is equally 
effective as a chronotropic nerve (Garrey, 1911). 

The action of nicotine on the vagus mechanism of the turtle and Limulus 
polyphemus. To test further this separability of the inotropic and chrono- 
tropic mechanisms experiments were conducted in which nicotine (1 cc. 
1 per cent in 50 ec. Ringer’s solution) was evenly applied to the turtle sinus 
and atrium by immersion. The preparation was so arranged as to permit 
stimulation of the right cervical vagus and the myographic recording of the 
sinus and atrial contractions. It was found that the chronotropic effect 
of nerve stimulation was lost in the sinus and atrium before any appre- 
ciable inotropic depressibility was lost. However, both effects disap- 
peared in a few minutes, before any appreciable depression of the heart 
musculature occurred as evidenced both by its contraction height and its 


NERVE MECHANISM OF HEART 


irritability to electrical stimuli. The nicotine solution was then washed 
off and Ringer’s solution repeatedly applied to the preparation. On recov- 
ery it was generally possible to obtain by right vagus stimulation a chrono- 
tropic depression of both the sinus and atrium without any inotropir 
depression; in fact, due to the slowing, the force of the sinus and atrial beats 
became stronger (fig. 2). 

The statement that nervous tissue is more susceptible to the depressing 
action of nicotine than is muscle tissue is generally accepted. The briet 
interval, seconds rather than minutes, required to eliminate all extrinsic 
vagus nerve effects by 3 per cent nicotine at a time when the heart beat 
itself is little affected, seems to indicate that the extrinsic vagus nerve 
fibers act through an intrinsic nerve mechanism rather than on muscula- 
ture directly. However, the possibility remains that the point of action 
may be at the so-called myoneural junction. The relative susceptibility 
to nicotine depression of the myoneural junction as compared with other 
structures was therefore investigated. 

To obtain such evidence studies were carried out on the heart of Limulus 
polyphemus. When nicotine is applied to the excised median cardiac 
nerve (3 per cent neutralized nicotine sulphate in sea water) the effect is to 
quicken the frequency of the autochthonous ganglionic discharges. 
sionally a transitory slowing for a few seconds is encountered, Along with 
the quickening there is some depression of the amplitude and duration ot 
the potentials associated with each rhythmic discharge. Later the fre- 
quency of the rhythmic discharge is gradually lessened until finally in 15 
to 30 minutes all discernible activity in the ganglion cells disappears (fig. 3 
When the whole excised Limulus heart is placed in such a solution of nico- 


tine its myographic record shows changes corresponding to those observed 


in the excised median cardiac nerve (fig. 4). If the preparation is so 
arranged that the electroneurogram recorded from the clevated caudal 
portion of the median nerve cord is observed on the face of the oscillograph 
coincidentally with a heart myogram it is seen that the changes in activity 
of the whole heart are parallel to changes in activity of the ganglion cells 
If 3 per cent nicotine is applied to the median nerve cord the effect of the 
extrinsic fibers, inhibitory and excitatory, are eliminated in a few seconds 
For minutes (5 to 15 or more) the heart can still be driven by stimulating 
the median nerve cord directly. After cessation of spontaneous beats 
(5-15 minutes or more) the heart can still be excited to a generalized con- 
traction by direct electrical stimulation. 

Certain conclusions may be drawn from these observations. 1. The 
synapses between the extrinsic nerve fibers and the spontaneously rhythmic 
ganglion cells of Limulus are similar in their susceptibility to nicotine block 
to the synapses of the sympathetic ganglia of such animals as the turtle 
and cat, and are similar also to the corresponding mechanisms of the turtle 
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heart. 2. The rhythmical ganglion cells are depressed by nicot 

more slowly than are their extrinsic synapses, the time required for com- 
plete depression approximating that required for nerve fibers. 3. The 
internal codrdination of the ganglion cell mechanism of Limulus is not 
deranged by nicotine as would be anticipated if synapses of the type 


known elsewhere in the peripheral sympathetic nervous system were in- 


Fig. 3. Eleetroneurogram of excised median cardiac nerve of Limulus polyphemus 
after the application of one-half per cent neutralized nicotine sulphate to the entire 
nerve cord. Figure contains three portions of a continuous record 1. Normal 
B. Three minutes after nicotine applied. C. Eighteen minutes after nicotine applied 
Note first in B an increase in frequency of the volley discharges with a lessening of 
their total duration followed in C by a slowing of the rate of volley discharges to 
gether with a marked depression in amplitude and duration of the potential com- 
plexes 


7 


Fig. 4. Myogram Limulus heart showing the effect of one-half per cent neutralized 
nicotine sulphate applied to the median cardiac nerve. Note first the increase in 
rate with some inotropic depression later followed by a decrease in rate and further 
inotropic depression. The two parts of the record are not continuous, an interval 
of approximately fifteen minutes has elapsed between and II. The effect is similar 
on the exised heart 


volved. Apparently the nerve network functions more like that in the 
central nervous system of mammals. 4. The so-called myoneural junction 
is not as susceptible to nicotine block as is a sympathetic synapse. It is 
apparently no more susceptible to nicotine depression than is the nerve 
fiber of comparable size itself. 

When nicotine is applied to the turtle sinus and atrium in concentrations 


218 PETER HEINBECKER AND GEORGE H. BISHOP 


varying from 0.5 to 0.005 per cent the effect is to produce a lowering of the 
contraction height and a quickening of the rate. In a few preparations 
there is a transitory slowing with possible irregularity of rhythm. The 
increase in rate is followed by a gradual slowing with an increase in con- 
traction height. As the depression increases the heart slows and the force 
of the beat is lessened until finally spontaneous activity ceases. At this 
stage of depression it is still possible to obtain a well developed and con- 
ducted contraction of sinus and atrium by direct electrical stimulation of 
the sinus. The time required to stop spontaneous activity in an excised 
turtle heart varies greatly (15 to 30 minutes or more). This approximates 
the time required to depress to extinction conduction in a nerve fiber of the 
turtle or in the Limulus median cardiac nerve. The time for depression to 
extinction of autochthonous ganglion cells is also of this order. The time 
required to block the effect of extrinsic nerve fibers on the intrinsic inotropic 
and chronotropic mechanisms is roughly 1/30 to 1/60 of that required to 
stop spontaneous activity of the autochthonous ganglion cells of Limulus, 
This is also the ratio of the times consumed in blocking the synapse and 


nerve fibers of the sympathetic system of the turtle. The time necessary 


to depress muscle so that it will no longer contract and conduct is appre- 
ciably longer by 50 to 100 per cent or more. Carlson (1909) has reported 
similar findings with regard to the relative depressibility of ganglion cells, 
nerve fibers and muscle with nicotine in the invertebrates. 

By all the criteria then which the action of nicotine gives evidence of, 
the mechanism not only of the spontaneous beat, but of the effeet on it of 
the extrinsic nerves, is similar in turtle and Limulus, and in Limulus the 
destructive action of nicotine is demonstrably on nervous structure and 
not on muscle. The obvious conclusion is that if the turtle heart beat is 
not essentially neurogenic, then the pacemaker muscle in acquiring its 
characteristic properties has acquired properties that are the attributes 
elsewhere of nervous tissue. 

Fibers responsible for vagus inhibition in the cat’s heart. The potential 
maxima associated with the chronotropic effect in the mammal vagus were 
also studied in the rabbit and cat. Under ether anesthesia a tracheal 
cannula was inserted and both cervical vagus trunks were completely 
dissected out in the neck They were then cut just below the nodose 
ganglion. A small chamber containing both stimulating and recording 
electrodes enclosed the right or left vagus trunk as desired. Changes in 
heart rate were read from a blood pressure record obtained with a mercury 
manometer on cannulating the femoral artery. By observing the neuro- 
gram it was possible to observe threshold and maximal responses asso- 
ciated with the various potential components and thus correlate potential 
form with functional effect on the heart rate. 

Typical results are plotted in figures 5 and 6. It was found that excita- 
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tion of the B, potential was without effect on the heart rate or blood pres- 
sure. The chronotropic effect on the heart was initiated on excitation of 
the fibers giving rise to the By potential which is the autonomic motor 
component of the myelinated fiber content of the vagus; and only the slow- 
est half of this potential is connected with the heart effect. An almost 
maximal effect was obtainable from this potential on both the right and the 
left sides. Ten per cent or less increase of chronotropic effect was fre- 
quently obtained on adding the C potential to the B potential. In certain 
preparations very little additional effect was obtained from the C potential. 
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Fig. 5. Plot of potential area against stimulus strength right vagus nerve of rabbit 
and the heart rate at the various stages of development of the potential area. Note 
that slowing begins only after fully half of the B: potential has been developed. 
Most of the chronotropic effect is the result of activity in the myelinated fibers giving 
rise to the B; potential. In this preparation some further slowing results from 
activity in the fibers giving rise to the C potential. Rate of stimulation 14 per 
second. 

Fig. 6. Plot of potential area against stimulus strength right vagus nerve of cat 
and the heart rate at various stages of development of the potential area. Note 
that slowing does not begin until the B, potential is developed. In most prepara- 
tions slowing does not begin until half of the Bz potential is developed. In this 
preparation there is no further slowing from activity in the fibers giving rise to the C 
potential which is not plotted, but its position indicated by C. Rate of stimulation 
32 per second. 


The interpretation of our results depends upon the accuracy and validity 
of the correlations between fiber groups and action potentials previously 
described (Bishop and Heinbecker, 1930). Evidence has been presented 
that there are two main axon types, the one with fast properties charac- 
teristic of the somatic nerve fibers, and the other with slow properties 
characteristic of the autonomic nerve fibers (Heinbecker, 1929). The 
somatic nerve fibers give rise to the A and B, potentials. These fibers are 
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all myelinated and their size range extends from the largest fibers in the 
nerve trunk down to those having a diameter of 2 or3 microns. The mye- 
linated autonomic fibers range from 4.5 to 1.5 microns approximately and 
give rise both to the Be and the B; potential maxima according to the 
evidence now available (Douglas, Davenport, Heinbecker and Bishop, 
1934). These investigators have plotted fiber sizes in the turtle vagus for 
comparison with action potential waves. The B; potential maximum defi- 
nitely appears to be derived from the myelinated fibers, 3 to 1.5 microns in 
diameter, the C potential from non-myelinated fibers. Similar correla- 
tions appear to hold in the mammalian vagus nerve. In the turtle the 
conduction rate of the fastest fibers of the B3; potential ranges from 1.7 
m.p.s. to 1.2 m.p.s., of the C potential from 0.6 m.p.s. to 0.4 m.p.s. Their 
absolutely refractory periods correspond ranging from 3.5 to 5 sigmas. In 
general the absolutely refractory period values for the myelinated auto- 
nomic fibers tend to approximate the lesser of these values, those for the 
unmyelinated fibers the greater. In the cat the average conduction rate of 
the slowest myelinated fibers is not over 2.5 meters per second. 

A correlation of our experimental findings with the above data, then, 
indicates that in the turtle myelinated autonomic fibers (B3) are responsible 
for the initial inotropic effect which is obtainable without an associated 
chronotropic effect in most preparations, but non-myelinated fibers have 
also a definite inotropic effect. In certain nerves the number of myelinated 
inotropic fibers is limited so that it becomes more difficult to separate out 
an appreciable inotropic effect by electrical stimulation because on increas- 
ing the strength of stimulus non-myelinated fibers are soon activated and 
this results in both inotropic and chronotropic effects being added simul- 
taneously. In the preparation where no effect on the heart is recognized 
until a C potential is visible it is inferred that only non-myelinated fibers 
were distributed to the heart. In those occasional preparations where 
both inotropic and chronotropic effects are obtained from the B; potential, 
it is to be inferred myelinated fibers serve both inotropic and chronotropic 
effects. In the cat myelinated fibers are chiefly responsible for both 
inotropic and chronotropic effects. Non-myelinated fibers are to a slight 
degree also chronotropic. 

It is stated by Brown and Eccles (1934) that the vagus fibers in the cat 
which affect the heart have a conduction rate up to 30 meters per second 
which would put them in a range that we have found to be occupied by 
somatic fibers only. The fastest of the autonomic motor fibers of the cat 
vagus conduct at not over 15 meters per second and those usually affecting 
the heart at not over half of that. The differences we find between turtle 
and cat are not that different groups of fibers in these animals produce a 
given effect, but rather that of the two groups of fibers, myelinated and 
non-myelinated autonomic, the latter is involved predominantly in the 
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turtle, especially with respect to the chronotropic action and the former in 
the cat. Even in the turtle it is evident that there is no sharp division 
between these groups of fibers as judged by their effects on the heart and 
there is even less basis for a functional division in the cat. As we have 
pointed out before, the main functional division lies between autonomic 
and somatic fibers, not between myelinated and non-myelinated. 

Discussion. The interpretation of the experimental finding that a 
slowing of the sinus and atrium of the turtle heart can result from vagus 
stimulation during recovery from nicotine, before the inotropic suscepti- 
bility has recovered, involves the much disputed question of the nature of 
the pacemaker mechanism itself. If the pacemaker is muscular, then it 
might be expected that depression of force of beat by the vagus would only 
affect rate if the fibers involved were distributed to the sinus itself, and the 
difference of effect would only be a difference in the locality affected. 

An ultimate muscular pacemaker is, however, so difficult to discover 
histologically, to say nothing of recording from it, that Brown and Eccles 
(1934) have been forced to relegate it to a limbo where it could not be 
detected even if it were a fact, that is, entwined in the interstices of the 
other and less authochthonous heart muscle fibers. On the other hand, it is 
perhaps significant that in the turtle atrium those parts that originate the 
rhythmic beat when the sinus is destroyed are inhabited by ganglion cells, 
and that in the ventricle proper, which in the turtle contains no nerve cells, 
a spontaneous beat does not originate after the funnel tissue containing 
ganglion cells is removed. 

The recent statement of Eccles and Hoff (1934) to the effect that there is 
no longer any basis for a belief in a neurogenic mechanism of the heart beat 
is therefore not convincing. The possibility that the depression of a re- 
stricted region of specialized muscle tissue (pacemaker) might not be appa- 
rent in a myographic record of the sinus and atrial contractions is recognized. 
But if the slowing of the pacemaker mechanism without apparent indtropic 
depression is a possibility then it becomes highly improbable that the 
pacemaker is a muscular structure. With rhythmical muscle tissue there 
should be first an inotropic depression which would progress into a chrono- 
tropic one. In Limulus it has been shown by Hoffman (1911) and Hein- 
becker (1933) that such an order of depression holds even for ganglion cells 
with an autochthonous rhythm. First the duration of the volley discharge 
is lessened and then on further depression the frequency of volley dis- 
charges is reduced. If the turtle possesses a ganglionic pacemaker it must 
of necessity differ somewhat from that of Limulus in that the type of re- 
sponse to its activity has changed to one of an all or none character from 
one of a tetanic character. This makes unnecessary a repetitive form of 
ganglionic discharge. Single discharges from rhythmical ganglion cells 
would serve. In keeping with this are the results of experiments in which 
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stimuli up to 200 per second were applied to the turtle sinus so timed as to 
drive it and continued throughout the period of contraction. This failed 
to alter the form of the contraction from that resulting from single stimuli. 
The rhythm of intrinsic ganglion cells could have been altered without any 
effect on the myographic record. 

In Limulus it has been shown that extrinsic nerve impulses alter the 
rhythm of the autochthonus cells without imposing their rhythm on them. 
Phylogenetically such an arrangement would be expected to hold also in the 
turtle heart if it contains rhythmical ganglion cells. 

Inotropic modification also gives evidence of a nerve mechanism because 
of the rapidity with which its connections with the extrinsic nerve fibers are 
blocked by nicotine. Supporting evidence for such an inference has been 
furnished recently by Armstrong (1935) who has demonstrated that in 
developing Fundulus hearts sensitization to acetylcholine does not occur 
until its innervation is completed. No definite knowledge of the inotropic 
mechanism in the turtle is available. In Limulus it was found, if chronaxie 
be taken as a criterion, that the musculature is not inotropically altered by 
removal of its ganglionic connections, a result in disagreement with the 
findings of Dubisson (1931). Any inotropic effect is therefore presumably 
transmitted to the musculature by the excitation of ganglion cells by 
extrinsic nerves in which there would presumably be a one to one relation- 


ship between the pre- and postganglionic connections as in ordinary sympa- 
thetic ganglia likewise without spontaneous activity. The evidence pre- 
sented indicates that the inotropic mechanism can be altered separately 
from the chronotropic mechanisms by the extrinsic nerves. 


SUMMARY 


Evidence is presented to the effect that in the turtle the extrinsic vagus 
fibers responsible for the negative inotropic effect are both myelinated and 
non-myelinated. The fibers for chronotropic effects are mostly non- 
myelinated, a few are myelinated. All fibers having inotropic and chrono- 
tropic effects have axons with slow properties characteristic of autonomic 
fibers in general. 

In the cat the extrinsic vagus chronotropic fibers are mostly myelinated, 
a few are non-myelinated. The inotropic fibers are inferred to be myeli- 
nated essentially. Both the myelinated and non-myelinated fibers con- 
cerned have properties typical of autonomic fibers in general. 

For reasons discussed, inotropic and chronotropic fibers are considered 
to be functionally distinct. 

Nicotine sulphate (3 to 2 per cent in Ringer’s solution) applied to the 
excised median cardiac nerve of Limulus polyphemus causes first an in- 
crease in the frequency of the rhythmic volley discharges and then some 
shortening and lowering of the potential complex. Further depression 
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results in a decrease in frequency of the volley discharges, further shorten- 
ing and lowering of the potential complex. The heart of Limulus is stopped 
by nicotine when the activity of its nerve cells ceases. This requires 5 
to 15 or more minutes when 3 per cent nicotine is used. 


The blocking effect of nicotine on the synapses intervening between the 
extrinsic and intrinsic nerves of the Limulus heart is similar to its blocking 
effect on other synapses of the peripheral sympathetic nervous system of 


vertebrates. One-half per cent nicotine blocks them in 15 to 30 seconds. 

There is no evidence to indicate that the intrinsic nerve mechanism of 
Limulus polyphemus contains synapses of the type associated with the 
extrinsic to intrinsic nerve relations. The intrinsic nerve mechanism of 
Limulus polyphemus functions in this respect like the central nervous 
system of vertebrates. 

The myoneural junction is not blocked by nicotine in the period of time 
required to block an ordinary nerve synapse. It is similar to the time 
required to block a nerve axon of comparable size. Heart musculature is 
depressed still more slowly than are nerve elements. 

The effect of nicotine on the turtle heart seems comparable to its effect on 
the heart of Limulus. 

By analogy from evidence derived from Limulus studies the extrinsic 
nerves of the turtle are considered to act through an intrinsic nerve mecha- 
nism and not directly on muscle. 

On recovery from nicotine depression it is possible to obtain by right 
vagus stimulation a slowing of the sinus and atrium of the turtle with no 
evident inotropic depression of either structure. 

The significance of the findings in these turtle and Limulus studies in 
their relation to the problem of determining the nature of the pacemaker 
mechanism of the heart is discussed. 


REFERENCES 


ArmstronG, P. B. J. Physiol. 84: 20, 1935. 

Bisuop, G.H. P. HEINBECKER. This Journal 94: 170, 1930. 

Bisuop, G. H., P. HEINBECKER AND J. O'LEARY. This Journal 109: 409, 1934. 

Brown, G. L. anp J. C. Eccies. J. Physiol. 82: 242, 1934. 

Caruson, A.J. Ergebn. d. Physiol. 8: 371, 1909. 

Dovatas, T. C., H. A. Davenport, P. HEINBECKER AND G. H. Bisnop. This 
Journal 110: 156, 1934. 

Dvusisson, M. Arch. Int. d. Physiol. 33: 273, 1931. 

Eccies, J.C. anp H. E. Horr. Proc. Royal Soc. 116: 307, 1934. 

GarRREY. This Journal 28: 330, 1911. 

HEINBECKER, P. Proc. Soc. Exp. Biol. and Med. 26: 349. 1929. 
This Journal 98: 220, 1931. 
This Journal 103: 104, 1933. 

HOFFMANN, P. Arch. f. Physiol., pp. 135, 175, 1911. 

Lee, H.M. This Journal 112: 207, 1935. 


. 


992 


THE ELECTRICAL PHENOMENA OF THE CRUSTACEAN 
NERVE-MUSCLE SYSTEM 


H. G. pu BUY 
From the Department of Physiology, Harvard Medical School 


Received for publication July 31, 1935 


I.. The nerve-muscle system in crustacean claws consists of antagonistic 
muscles with complex innervation. At least four types of theory have 
been advanced to describe the properties of these antagonistic systems. 

The best known of these was proposed by Biedermann (1888) who 
observed that the adductor (closing muscle) and abductor (opening muscle) 
of the propodite moving the dactylopodite have a double innervation from 
nervus medius and nervus externus pedis. The nervus medius (thick 
nerve trunk) innervates mainly the adductor; he believed that stimulation 
of this nerve causes contraction of the closing muscle. Some of its fibers 
join the nervus externus and, according to his view, cause inhibition of the 
opening muscle. The nervus externus (thin nerve trunk) innervates the 
opening muscle in a similar way. 

Richet (1882) attributed the differences to a difference in properties of 
the nerve-muscle systems. He was more or less supported by Mangold 
(1905), Lucas (1907) and Monnier and Dubuisson (1931). 

Another group denied the existence of inhibitory nerves, e.g., Froehlich 
(1907), Fraenkel-Conrat (1933). Segaar (1929) concluded that each nerve 
can excite or inhibit depending on the strength of stimulation. 

According to a fourth group the interaction of peripheral nerve cells is an 
explanation for the complex phenomena in the crustacean claw (von 
Uexkull and Tirala, 1915; Tonner, 1933). Barnes (1932) explained the 
phenomena by the fact that the amputation of the claw causes tetanotonus 
and other forms of anomalous behavior. 

The following paper is an attempt to reconcile the several theories and to 
consider excitation and inhibition from a single point of view based on an 
analysis of the properties of these muscles and nerves. 

II. Methods. The electrical responses of nerves and muscles of the 
claws of several Crustacea were observed by means of a string galvanometer 
and amplifier (Garceau and Forbes, 1934), a cathode-ray oscillograph with 
amplifier (Garceau and Davis, 1934), or two undulators with amplifiers 
(Gareeau and Davis, in press) and preamplifiers (Matthews, 1934). 

Recording electrodes were: agar electrodes, chlorided silver wires, or 
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concentric needles (steel-copper, silver-silver, etc.). In some experiments 


a fine silver wire with a blunt end, bent at an angle of 90°, and then coated 
with varnish, was used. After baking, the varnish was scraped off over a 
minute area on the inner side and this area was chlorided. When such an 
electrode is put under or in a nerve or muscle group while a diffuse electrode 
serves as ground, only the action potentials of the nerve or muscle fiber in 
close proximity to the minute area are detected (fig. 9 This type of 
electrode does not injure the tissues, as often happens with concentric 
needles. The mechanical responses were recorded on a long paper kymo- 
graph with an isotonic lever. 

A Harvard coil provided electric stimulation; reflex stimulation was 
given by tapping on the outside of the claw, on the antennae, or on the tail 
to induce opening, and by touching the inner side of the claw to induce 
closing. 

Solutions of several drugs were injected through holes in claws either 
isolated or in the intact animal. The general behavior of the animals was 
observed while they were in a quiet or circulating solution. 

In several specimens the drug was injected into the tail. Records were 
taken from intact animals or from isolated claws kept in a thermostat at 
high humidity at 5 to 10°C. for lobsters, and at 15 to 20°C. for crayfish. 

It might be objected that the electrodes would pick up disturbances 
from a distance. Actually this is not the case for: a, the two muscles are 
separated by a membrane; 6, records of the antagonistic muscles were 
made simultaneously with the two independent undulators and different 
patterns were found in the two muscles (fig. 1); ¢, a concentric or a coated 
needle gives essentially similar responses from similar positions; d, when an 
electrode is placed in a region that is mechanically damaged, no action 
potentials can be picked up. 

III. The nature of crustacean muscle. The muscles of the crustacean 
claw belong histologically to the striated muscles. Jasper and Pezard 
(1934), however, state that for Carcinus maenas the size of striation varies 
with the muscle: the faster the muscle, the shorter the distance between 
striations. On the other hand they show some characteristics of smooth 
muscle. In the first place, they are doubly innervated by motor axons. 
{According to Tonner (1933) there is in addition a third fine innervation 
from peripheral nerve cells.|| Secondly, normal vertebrate striated muscles 
do not react to adrenalin or acetylcholin, whereas crustacean muscles 
contract when treated with adrenalin, although not with acetylcholin. 
The following typical experiments show this. 


March 8, 
joint; 0.1 ec. sol. adrenalin chloride (P.D. & Co. 1:1000) in 0.9 ec. crustacean 
Ringer (double mammalian Ringer) injected between adductor and abductor 


1935. Isolated claw of Cambarus. All nerves cut in procarpopodite 


through a hole in the propodite. Contraction without action potentials was 
observed. 
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February 21, 1935. Isolated claw of Cambarus. 3:00 p.m. Stimulation by in- 
duction break shocks. Threshold for opening claw at 12 em. coil distance; for 
closing, 10 em. Crystal of acetylcholin put in through hole in propodite. No 
contraction follows. Reactions to break shocks remain the same for several 
minutes with no change of threshold. Claw dead at 5:00 p.m. 


The contraction induced by adrenalin is not accompanied by any elec- 
trical change. Rosenblueth, Lambert and Leese (1933) show the same 
for mammalian smooth muscle. Differences in behavior can be explained 
by the hypothesis that drugs act at a later stage of the excitation of 
muscle than does the nerve impulse (Cannon and Rosenblueth, 1933), 
and that different muscles are activated by different drugs. The same 
variability in activation is true for electric stimulation (Forbes, 1933). 

Furthermore the action potentials following electric stimulation of the 
nerve show the characteristics of smooth muscle, as is shown in figure 2. 


Add 


0.050 S€C 


Fig. 1 Fig. 2 

Fig. 1. Cambarus, intact animal. A pair of recording chlorided Ag-electrodes in 
adductor and in abductor. Recording with two independent undulators. Activity 
after reflex stimulation. 

Fig. 2. Cambarus. Thin nerve cut between carpo- and meropodite. Recording 
gelatin electrodes in adductor, ground electrode distal. String galvanometer with 
amplifier, capacity coupled. Sensitivity 100 mm./mvy. Stimulating electrodes in 
ischiopodite. The first small spike is an artefact due to the break shock. 


This is a typical galvanometer record which clearly shows two components. 
These were observed to be the same in many records made with the oscillo- 
graph as well as the galvanometer, both for the closing and the opening 
muscle (e.g., fig. 3 and fig. 7; the small components are indicated by arrows). 


The reason why the two components were not previously observed may be 


heeause in many cases the first spike is not very distinct (being small and 
very rapid) and therefore may be easily overlooked. 

It is improbable that the first spike is due to the action potential either 
of the nerve or the end plate because of the following: 

1. In recording from vertebrate striated muscle with intact nerves the 
first spike is never recorded, 

2. The time relations of the two waves always remain the same. 

3. As can be seen from figure 8 the record of the true nerve action poten- 
tials shows a great difference in time relations and size as compared with 
the first spike. 


te 
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$4. The action potentials of vertebrate smooth muscle show exs 
same shape. 


It is more reasonable, therefore to explain the two waves according t 


theory of chemical mediation. This means that the immediate respons 
of the muscle to nerve excitation corresponds to the small spike and tT! 

the process of liberation of the chemical substance is related to the slow 
wave (Cannon and Rosenblueth, 1933). Transfusion experiments, how- 


ever, have not yet given positive results. 

I have tried also to study the regeneration of the nerves, following 
section. Generally the operated limb was autotomized, but in three cases 
the limb was not thrown off. After about fourteen days the muscles were 
degenerated to structureless jelly-like IASSeS. 

IV. Klectric ~henomena of the muscles. Electric responses were measured 
during both excitation and inhibition of the adductor and abductor muscles 
of the claws of intact animals or of animals with one nerve trunk cut and 
after electric stimulation of the nerve in the ischiopodite. It was found 
important in the experiments with intact animals to avoid fixation. Von 
Holst (1934, p. 247) has shown for Carcinus that fixation of any extremits 
alters the nature of the movements of all the limbs. 

Figures 3a—d are electric records taken from the adductor of the claw of 
the same intact animal to be sure that the several action potentials were 
comparable. 

Record a shows reflex opening; b shows reflex closing; ¢ shows reflex 
closing, followed by opening; d shows opening on faradic stimulation, 

Figure 4 gives the reactions of the closing muscle after one of the nerve 
trunks has been cut. 

4a shows negative action potentials related to single make and break 
shocks on stimulating the thick trunk. Here it is clearly shown that the 
latency for excitation varies with the strength of the stimulation,—in some 
cases from 30 to 80 milliseconds (ms.). For reflex closing of a claw with a 
single nerve trunk see figure 8. 

4b shows reflex inhibition when only the thin nerve trunk remains; a 
slight positive deflection appears. 

4¢ shows inhibition after electric stimulation. The latency for inhibition 
varied from 50 to 90 ms. in several experiments. 

4d should be compared with figure 7a, which shows the reactions of the 
opening muscle with its excitatory nerve intact; figure 4d shows reflex 
inhibition after cutting the thin nerve trunk. In this case the animal 
showed these reactions during two days after preparation. 

The reaction of the opening muscle upon electric stimulation of the thin 
nerve after section of the thick nerve is shown in figure 7, and discussed on 
page 230. 

Figure 4e isa record of the reaction when all nerves are intact It shows 
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a mixture of both excitatory and inhibitory components. The recording 


electrodes are placed in such a way that an electro-positive state of the 


muscle gives a deflection upward and an electro-negative state downward. 
Therefore we can conclude that in contraction the muscle becomes negative 
and in relaxation positive in respect to the surrounding tissue. In nerve 
centers an electro-negative state is found during excitation and an electro- 
positive state during inhibition (Eecles, 1934; Hughes and Gasser, 1934). 


Fig. 3. Cambarus, intact animal. A pair of chlorided silver recording electrodes 
inadductor. Inthisand the succeeding records the cathode ray oscillograph is used; 
1mm. = 100uv. Time interval = 5 ms. (Every | sec. 4 beats of time signal are 


omitted.) Faradie stimulation: coil distance = 10 ¢m. 


Fig. 4. Homarus. Recording with chlorided Ag-electrodes. Time interval 
5Sms. Ground electrode distal. No antiblock condenser. a. Recording electrodes 
in adductor. Thin nerve trunk cut in pro-carpopodite. Make and break shock 
[shown by artefacts (crosses) in record]. Coil distance = 9¢em., 1mm. = 100 uv. b. 
Recording electrodes in adductor. Thick nerve trunk cut. Reflex stimulation; 
2.5 mm. = 100 uv. c. Recording electrodes in adductor. Thick nerve trunk cut. 
Electrical stimulation; coil distance = 8 em. 1 mm. = 100uv. d. Recording elec- 
trodes in abductor. Thin nerve trunk cut. Reflex stimulation; 2.5 mm. = 100 uv. 
e. Cambarus, intact animal. Recording electrodes in adductor. Reflex stimulation; 
0.5mm. = 100 uv. 


It appears from the above results that the muscles of the crustacean claw 
show similar electrical states: according to the theory of chemical media- 
tion between nerve and muscle this can be interpreted as signifying that 
the equilibrium between inhibitory and excitatory processes can be changed 
in either direction by separate nervous actions. 

\V. Allinvestigators mention the fact that, after section from the body, a 
crustacean claw cannot be considered normal for a time varying from 5 to 
60 minutes, as it shows various types and degrees of spontaneous activity. 


b 
J 
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There are at least three possible sources of this spontaneous actis 

a. The cut end of the nerve may set up rhythmic impulses in the 
(Barnes, 1930) or may change the tonus in some unknown way 
and Tirala, 1915). 

b. The nerve reticula in the joints may cause, according to Tonner, the 
changes in the muscle. 

c. The muscle itself may be the source of the activity. Its properties 
might be supposed to change following the cessation of its normal blood 
supply. 

There are several incongruities in the literature, hence it is not vet possible 
to accept any of the above possibilities as proved. Hoffmann (1914) has 
already recorded that after cutting the claw the muscle shows several sets 
of action potentials. Barnes (1930) mentions that he has obtained dis- 


charges of nerve impulses lasting from 5 to 20 minutes, accompanied by 


contraction in the muscles. Sometimes the nerve discharges lasted a few 
seconds longer than the visible contraction. He gives no figures of thes 


muscle action potentials. In his later papers he gives only one record 


Fig. 5 


Fig. 5. Cambarus. a and b. Isolated claw. Chlorided 
trodes in abductor; 3.5 mm. = 100 uv. Time interva! 5 ms 
animal; 1.5 mm. = 100 uv. 


Fig. 6 Cambarus Concentric recording electrodes in isolated adduc tor: 3 mm 
= 100 uv. 


Figure Sshows the development of the rhythm of the muscle action poten- 
tials when the claw is removed. For comparison, a reflex rhythm of the 
opening muscle of the intact animal after strong tapping of the tail is given 
(ce). The rhythm of the large action potentials increases from 20 to 150 
per second. There are small excursions partly obscured by the large ones. 
The large and small components can be seen easily in figure 5a. In b they 
may still be detected on close examination 

Assumption b, that the high frequency is due to impulses originating in 
the joint, can be tested only by isolating the muscle as far as possible by 
cutting the claw between pro- and carpopod and also dissecting the dactylo- 
pod so that all joints are removed and only a muscle in its shell with the 
nerve-endings is left. This preparation also shows the rhythmical action 
potentials (fig. 6). From this we may infer that the rhythmic discharges 
do not come from the joint. Our observations do not permit of a deci- 
sion as between possibilities a and c, although I am inclined to favor 
the former. 
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Wiersma (1933) gives figures of slower rhythmic muscle action potentials 
during ‘‘contractures” following electric stimulation. He concludes that 
there are two types of action potentials: one larger, corresponding to an 
initial fast contraction, and several smaller ones for the following ‘‘veratrin- 
like” contracture. Since he used woollen recording electrodes he prob- 
ably picked up activity of motor units over a wide area, 

From my own experiments I can corroborate the above results without 
postulating his two types of action potentials (fig. 7a-d). The rhythmic 
action potentials are at least as large as the initial action potentials. There 
is also a continuous deflection showing that the large spike is due to a more 
or less complete summation of single action potentials depending on the 
frequency of the discharges. (Notice the typical ‘smooth muscle” action 
potential, characterized by a small initial excursion followed by a larger 


one, at the end of e and d. 


Fig. 7. Homarus. Chlorided silver recording electrodes in abductor. Thick 
nerve trunk cut. Claw not isolated. Eleetro-negative stage upward; 1 mm. = 100 
wv. Time interval = 5 ms. a. Single electric shock. Coil distance = 9 em. b 
Idem. Coil distance =5em. candd. Idem. Coil distance = 

rhe small components referred to in section III are clearly present in the 
original record but have been practically obscured by reduction and the limita 
tions of the halftone process of reproduction. 


Wiersma’s strength duration curves, in addition to his two types of action poten- 
tials, provide, according to him, a second argument for an essential difference between 
a spike and a contracture possibly due to an iterative system. They may be ex- 
plained as follows: a shock of long duration gives more impulses in the nerve than a 
briefer shock. The facts that summation can occur at high frequencies (fig. 7) and 
that separate spikes can be obtained at intervals of 6 to 7 ms., where the mechanical 
response may be either large or small, shows that the increased responses of longer 
duration may be due to multiple discharges in the nerve (fig. 8): at least when they 
last longer than the refractory period of the muscle. A summation of the mechanical 
effect will be the result. It is not necessary therefore to postulate two types of con- 
traction to account for the phenomena recorded in his curve. 


The mechanical records of the muscle activity of the crustacean claw as 
given in the literature, and also the electrical records as described above, 
indicate that the crustacean claw may show such phenomena as summa- 
tion, delay, arrest, alternation, after-discharge, ete. The best description 
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of several of these phenomena, with convincing mechanical records, can be 
found in the paper of Knowlton and Campbell (1929 It has also been 
frequently suggested that iterative systems exist, especially for the slow 
contractions. Therefore it would be valuable to know whether or not the 
muscle action potential is related to single or multiple nerve action 
potentials. 

Using the above-described varnish-coated recording needles for single 
units it was possible to fix them in the claw of the intact lobster on the 
nerve about 1 em. from the innervated muscle with only a few sensory 
nerves in the neighborhood. Both nerve and muscle action potentials are 
visible when the uncoated area of the needle touches the motor nerve. — In 
other words, the nerve serves as electrode for recording the action poten- 
tials of the muscle. It should be noticed that the nerve was not cut and 
therefore provided a favorable circuit for recording the muscle action 
potentials. As a control, to show that the muscle action potentials re- 
corded on the nerve correspond to those in the muscle, other chlorided 
silver electrodes are put directly into the contracting muscle. They are 
always disconnected from the amplifier when the nerve-muscle action 
potentials are recorded, to avoid influence on the nerve electrodes 

To apply the recording needles, the joint between pro- and meropod is 
partly cut. Bleeding is prevented by bringing the animal into such a 
position that its claw is the highest part of the body. (The animals have 
low blood pressure.) The preparation remains good for hours and deteri- 
orates only because the needles are fixed in such a way that they lift the 
nerves a little from the rest of the tissue into the air, to prevent spread of 
current, and the nerve finally dries. The resulting accessibility to electric 


disturbances in the air probably causes the 60 cycle artefact which appears 


in the records. The animal is not seriously injured, for it does not move as 
violently as it does in response to touching the antennae. Records were 
taken of spontaneous and reflex movements (touching antennae: opening 
of claw; touching innerside of claw: closing) and after electric stimulation 
with small electrodes in the coxopodite. 

After an experiment the claw was removed at the joint where autotomy 
normally occurs to examine the nerve used. experiments with the closing 
and opening muscle of the lobster claw are shown in figures 8 and 9. In 
this both systems show a single muscle action potential after a single nerve 
action potential. After weak electric stimulation of the nerve with a single 
shock usually one single discharge is observed in the nerve corresponding 
with a single muscle action potential. When the strength of the stimulus 
is stronger other types of response are observed; there may be: a, a group 
of nerve action potentials following directly on the stimulation (fig. Sh), or 
b, several nerve action potentials following in a certain rhythm after stimu- 
lation (fig. Si); ¢, both of these types of response may be combined. 
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That the disturbance from the same nerve fiber is recorded is probable 
for neighboring action potentials are shown as very sia]! 
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Fig. 9. Homarus. Chlorided silver recording electrodes in adductor. Coated 
recording trodes on thick nerve aand a;: records of nerve action potentials 
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ably because of the slower recovery ol the musel Chis can explain 
apparently complex phenomena 

The se quence ol the muscle and nerve dis harges is not alwavs the same 


Where the nerves themselves serve as electrodes for the muscle action 


potentials, there are several possibilities of recording, for the nerve ear 
pick up the muscle action potentials of the unit innervated by itself, whe: 
this unit is the first one which the nerve approaches closely; or the nerve 
will pick up the action potentials of muscle units which it approaches closely 
before entering its own unit. In this case the nerve action potentials ear 
be superposed upon the muscle action potentials, for the rhythm of both 
remains nearly the same. 

I have not tried to reeord the nerve action pote ntials which be long to thre 
high frequency rhythms of the muscle after cutting of the claw. Prosser 
(1934) finds for the chela nerve in response to injury a maximal frequency 
of 208 per second for a duration of 5 to 17 minutes In the nerves of the 
walking legs the same sort of high frequency response followed injury stimu- 
lation. It is probable that his high frequency discharges in the nerve 
correspond to the similar discharges in the muscle as shown in figure 5 
Because of the difference in recovery times, however, the frequency of 
nerve impulses may be higher than that of the muscle responses 

It would be interesting to investigate in how far a Wedensky effect is 
possible in a muscle that can be excited by nerve impulses during its 
recovery period (fig. 7). So far there is no evidence for this effect in this 
ease. This problem and also the simultaneous activity of both nerve 
systems can be attacked only with a double set of oscillographs. 


SUMMARY 


It is shown on several grounds that the muscles of the claw of Crustacea 
are physiologically intermediate between the mammalian striated and 
smooth muscles, e.g., by their reaction to adrenalin and acetylcholin and 
by the double action potentials following a single electrical shock 

Inhibition in the muscle is associated with relative electrical positivity 
of the muscle, and excitation, with negativity. 

The supposition of two contractile systems in the same muscle is not 
corroborated. 

Both the adductor and abductor of the claw can show one single nerve 
action potential followed by one single muscle action pote ntial, both on 
reflex stimulation and on application of single electrical shocks 

More comple X phe nomena can be analyzed into the Ir components, taking 
in account the fact that the freque ney of nerve dis harges can be higher 
than that of the muscle discharges because of the slower recovery of the 
latter 

An analysis is possible only with the simultaneous recording of both 


nerve and muscle activ itv. 
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Weight loss changes following the ingestion of large and small meals 
have been shown by the writer (3) to parallel closely the variations in 
oxygen consumption which have been found to occur under these cireum- 
stances. In order to verify this relationship and to provide additional 
data on fluctuations in rate of weight loss following the consumption of 
other types of meals, the present investigation Was undertaken. Con- 
centrated food is highly standardized, easily digested and, when dissolved, 
can be ingested without mastication. In addition, the percentages of 
protein, carbohydrate, and fat have been previously calculated for this 
preparation. The effects on weight loss of the concentrated food itself 
can best be determined when control readings are taken on the variations 
in rate of weight loss following the drinking of an amount of water equiva- 
lent to that in which the concentrated food was dissolved when ingested 
The data on the changes in rate of weight loss following water ingestion 
should be of further significance for comparison with earlier studies con- 
cerning the effect of water upon other metabolic indices such as cardiac 
output and oxygen consumption. That these various indices do not always 
vary concomitantly is shown by the marked discrepancy between th 
results of Jarisch and Liljestrand (5) and those of Grollman (1 

The controversy concerning the effects of water ingestion upon in- 
sensible weight loss has been traced by Gilman and Barbour (11 Inve 
tigators such as Erismann (10) and Moog and Nauck (8) report extensive 
changes in rate of weight loss, while Schwenkenbeeher (9) and Jores (12 
find the rate little affected by the administration of large quantities of 
water. The degree of hydration is suggested as an important \ ariable it 
the rate of weight loss by Manchester, Husted and McQuarrie (7) and thei 
results were confirmed by Gilman and Barbour (11) in a careful study of 


blood osmotic pressure changes. 


1 The experiments reported in this paper were performed in the Psycholog 


Laboratory of Northwestern University. The writer wishes to thank Dr. Frat 


G Jenedict for the loan of the apparatus and Dr. G. L. Freeman for advice 


assistance 
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\leTHOD \s in our earlier experiments (3, 4), weight loss determina- 
tions were obtained by the use of an extremely sensitive Sauter balance. 
The cot upon which the subject reclined was suspended directly from one 
beam of the seales. Counterbalancing weights were placed upon a pan 
suspended from the opposite beam. 

Ten subjects were employed. They were normal, healthy males, rang- 
ing in age from 17 to 34 years (mean 24.8 years). Their average height 
was 68.9 inches (range 65 to 70 inches), and their average weight, 132.8 
pounds (range 125 to 146 pounds). The subjects were in a basal, post- 
absorptive state at the commencement of the tests. No physical exertion 
was allowed between weighings, but the subjects were permitted to read 
The subjects wore light, loose clothing and their shoes were removed 
Room temperature was maintained between 70 and 74 degrees Fahrenheit. 

An entire day was devoted to accustoming the subjects to the apparatus 
and routine before the experimentation began. The subjects were divided 
into two groups. The first group was given concentrated food dissolved 
in water on the first and third days of the experiment proper and water 
alone On the second and fourth days. The subjects in the second group 
were given water on the first and third days and concentrated food and 
water on the second and fourth. 

The concentrated food was prepared and generously supplied by Hor- 
lick’s Malted Milk Corporation. According to their analysis the product 


contains: 


Moisture 

Protein 

Maltose and lactose 
Dextrin 

Fat 

Ash 


(mn the basis of this analysis the calorifie yield will be as follows for 100 
grams : 
16.35 grams of protein will yield 67.03 calories 


8.78 grams of fat will vield 81.65 calories 


67.95 grams of carbohydrates will yield 278 58 calories 


The experimental meal consisted of 100 grams of the concentrated food 


Lin 230 ec. of water. On the alternate days 230 cc. of water were 

nistered. The liquids were ingested at twelve o’clock noon and 
weight loss readings were taken hourly thereafter. 

I;XPERIMENTAL RESULTS. In table 1 are presented the number of grams 

weight lost during successive hours following the ingestion of the con- 

d food. The amount of change (in grams) from hour to hour is 

i nt of individual difference can be judged from the ranges 


per 
3 % 
) 
3 
St 


ENERGY EXPENDITURE IN) RELATION 


and probable errors. The ratio (in per cent 
to the basal, pre-ingestive rate is also given 
tables is based upon two days’ records of ten subjects 
Table 2 shows the changes which take place in weig loss followir 


drinking of 230 ce. of water. The data from both tab] 


presented graphically in figure 1. 


(;rams lost pel hour 
Range (in gram 
Change (in 

hour 
of ch: 


Percentage 


at 


Averages based upon two 


Grams lost per hour 

Range (in grams) 

Change (in grams 
hour 

P.E M of change 


Percentage of base rate 100 00 


The difference between the percentages of nc! 
table, which presumably represents the 
food itself, is given in table 3. 

Discussion. According to the data p! 
weight loss is at a maximum during the 
of the 230 ec. of water. At that time the 


basal rate amounts to a little over 7 per cent. 


with the value of 17 per cent which Himwich and Haynes 
upon oxygen consumption with rats. Their result 


ever, when water was injected and the muscular move 


~ 
The 
and table 2 ar 
rABLE 1 
We ght los nm gran al e hou nq the 7 
of concentrated food ad ea ? 
Averages based upon two davs’ records of ter il ts 
INGES 
ASA 4 
$2 14 67 13.34 41 32 
34-45 38-48 SS 4S 35-43 31-42 
Irom preceding 
+4 34 +‘) () 1 30 2 ( 
0 53 Q 5S 0 4 0 50 4° 
of base rate 100 111 32 116 57 113 19 107.83 105 2 
TABLE 2 
Weight nm gram a e hou f nq the inge ? 
A N N 
INGES 
as 4 
37.2) 39 38 5] 37.47| 37.52) 36 
32-43 32-48) 34-42 | 32-40 
from preceding 
+9 65 1 35 1 04 ( 
O 52 42 Q 39 54 
107 1) 103 49 100 70 100 3: 
ease in the first and sec 
He ne Col | 
ted ible the rate 
ur the ngest 
ise in weigh OV 
() ned 
tains } 
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mental animals may be expected to account for some of this rise. The work 
of Grollman (1) indicates that the maximum increase in respiratory me- 
tabolism occurs almost immediately after the ingestion of water. He 
reports an average increase in metabolism of 8 per cent following the drink- 
ing of 1000 to 1200 ec. of water. Because the amount of water which he 
administered in his experiments was greater than in ours, the increase 


45 
---o WATER 
FOOD 

43 

42 

4a 

40 


39 


38 


WEIGHT LOSS PER HOUR - IN GRAMS 


37 


BASAL 
HOURS FOLLOWING INGESTION 
Fig. 1. Showing weight loss (in grams) at successive hours following the ingestion 
of 100 grams of concentrated food dissolved in 230 cc. water, and of 230 ec. of water 


‘Basal’ represents pre-ingestive rate 


TABLE 3 
Difference (in per cent) between weight loss changes following ingestion of 100 grams of 
concentrated food dissolved in 230 cc. of water and those follow ng ingestion 
of 230 cc. of water alone 


Averages based upon two days’ records of ten subjects 


PRE 
FS 


HOURS AFTER INGESTION 


nee (in per cent 2 ‘ 12.49 | 6.99 5.94 
‘h he reports is actually relatively smaller than the increase which we 

found. Our results shed little light upon the perplexing problem of 
nature of this increase. Lublin (6) considers the rise in respiratory 


abolism following water ingestion as being due to the extra energy 


ired by the kidneys to excrete the water. This factor might also be 
4 


in the rate of weight loss. Future work devoted to this problem 
might profitably be directed toward a careful comparison of the effects 
of injection as compared with ingestion of water upon oxygen consump- 


} 
tion and weight loss 
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ENERGY EXPENDITURE IN 


It will be observed that the maximum ra 
tion ol the conce ntrated food dissolved in wate es 
hour (table 1 At this time the weight loss is about 
basal rate During the fifth hour the rate is still ab 
the basal 

When we deduct the amount of change due to the water from the chang 
due to the concentrated food and water combined, we find the maximum 
effect on rate of weight loss of the concentrated food itself occurring 
second hour. During the second hour, the difference between the 
loss changes following the ingestion of the concentrated food dissol 
in water and those following the ingestion of water alone 


13 per cent. 


SUMMARY 


Hourly determinations of weight loss were made upon ten mal 


following the ingestion of 100 grams of concentrated food dissoh 

230 ce. of water. A sensitive Sauter balance was employed for weighing 
The maximum increase in weight loss was registered during the second hour, 
when the rate was 163 per cent above normal There was a gradual de- 
cline in rate of weight loss thereafter, and by the fifth hour the rate was 
only 5 per cent above basal. Similar determinations of weight 

made following the intake of 230 ec. of water alone The rate of 
increased about 7 per cent during the first hour and decreased slightly 
thereafter. This change is comparable to the increase of from 5 

to 10 per cent in respiratory metabolism following water ingestion rey 
by Grollman (1). During the second hour following the 


wat 


centrated food and water the rate of weight loss was 13. pr 


than following the ingestion of water alone. The greate 


rate of loss following the ingestion of the concentrated food dissol 


in water as compared with that following the ingestion of water alon 
presumably due to the dynamic action of the nutritive elements in ¢ 
centrated food. 


REFERENCES 


) GroLtuMan, A. This Journal 89: 157, 1929 
Himwicn, H. FE. anp F. W. Haynes. This Journal 96: 640 
Hovuianp, C. 1. This Journal 111: 448, 19385 
Hovianp, C. 1. This Journal 112: 307, 1935 
Jariscu, A. AND G. LILJESTRAND. Skand. Arch 
Lupin, A. Ztschr. f. klin. Med. 109: 371, 1928 
Mancuester, R.C., C. Hustep ano I. McQvuarrit 
Mooa, O. ano E. T. Navuck Ztschr. f. d 

(9) SCHWENKENBECHER. Deutsch. Arch. f. klir 
10) Ertsmann, F. Ztschr. f. Biol. 11: 1, 1875 
(11) Giuman, A. AND H.G. Barsovur. This Jourt 
(12) Jcres, A. Ztschr. f.d 


ATION TO FOOD 239 
increase in the 

192] 

61: 235, 1927 
utr. 4:39, 193 
25: 3S. 


KINETICS OF THE ELIMINATION OF SUBSTANCES INJECTED 
INTRAVENOUSLY (EXPERIMENTS WITH CREATININE 


RAFAEL DOMINGUEZ, HARRY GOLDBLATT anp ELIZABETH POMERENI 


From the Laboratories of Saint Luke’: Hosp tal,' Cleveland, and the Institute of 
Pathology,? We stern Reserve University 


Received for publication July 17, 1935 


It was shown in a previous publication (Dominguez and Pomerene, 1934 
that the rate of excretion of ingested creatinine is proportional to the con- 
centration of ingested creatinine in the plasma, after the equilibrium 
between the plasma and tissue fluids has been practically attained. From 
this fact an expression was derived (Dominguez, 1934a) for the volume of 
body fluids in which creatinine is distributed during equilibrium, assuming 
the concentration in this volume equal to that of the plasma. This result 
was extended to include the case of substances in part excreted according 
to the same law and in part utilized in the body, but the proper method to 
estimate the utilization constant (Dominguez, 1934b) was not given, 
pending an investigation into the kineties of the elimination of substances 
injected intravenously. 

The latter will be presented how, together with an application of it to 
the elimination of creatinine. Since it has been found that this substance 
is practically all excreted, the question of partial utilization will be left out 
of consideration at this time. 

THEORETICAL CONSIDERATIONS. It is proposed to determine the equa- 
tion representing the time change of creatinine concentration in the plasma 
following the intravenous injection of this substance. In this study it will 
be assumed that the substance distributes itself so rapidly in the cireu- 
latory system that the initial unevenness in concentration may be 
neglected. 

Let us call z the concentration of creatinine in the plasma, in milligrams 
per 100 ec., and y the rate of excretion of creatinine, in milligrams per 
minute. From previous work we can write 


(4! UP = A(z - ] 


where y, and z, are the rate of excretion and the plasma concentration, 
respectively, of endogenous creatinine. In order to simplify the sym- 
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bolism we may write y — ye. = 7,2 — 2 £, and equation 1 becomes 
At ) 


A, the excretion constant of creatinine, represents the rate of excretion per 


unit plasma concentration. We know also that, at equilibrium between 
plasma and tissues, the following relation is satisfied (Dominguez, 19344 


V dé 3 
LOO dt 
or, from equation 2, 
V dé 
100 at ae 


where V is the volume of fluids in which creatinine is distributed (volume 
of distribution). 
The solution of equation 4 is 


in which 


when ¢ is determined in hours and V in liters. The constant a is the con- 
stant of integration, and it represents the initial concentration of creatinine 
in the plasma. By initial concentration is meant not the concentration at 
the beginning of the experiment, but the concentration found-—or com- 
puted— at the time of equilibrium. In our experiments on a human being 
(Dominguez and Pomerene, 1934) the time of equilibrium was found to be 
between 2.5 and 3 hours after the ingestion of the substance 

From equation 6 one can compute the volume of distribution V once 
a and A have been determined. 

When creatinine is injected intravenously the term representing the 
diffusion of the substance in the tissue juices has to be introduced in « qua- 
tion 4. If we split the volume V in two parts, namely, the equival nt 
plasma volume P, and the tissue volume 7, and call z the concentration in 


the tissue volume, equation 4 becomes 


P a T dz 
ima 100 dt 


After a sufficient time has elapsed, z becomes equal to — and, therefore, 


( P T V ag 1: 
100 100/ inn 


as demanded by equation 4 


from equation 7, 


I ae 5 

6A 
a 
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The solution of equation 7 requires a knowledge of the rate at which the 
concentration changes in the tissues. It is not unreasonable to suppose 
that the rate at which the substance diffuses from the plasma into the 
tissues will be a function of the concentration difference between the two 
velumes, and since by virtue of such diffusion the concentration difference 
will become smaller and smaller, we make the fundamental assumption 
that the rate of diminution of the concentration difference is proportional to 
the concentration difference itself. In symbols, 


d 
( 
dt 


BLE — 2). 


The integral of equation 8 is 
(9 


where cis the constant of integration. Since at zero time the concentration 
in the tissue volume is zero,? c = &,, that is, ¢ is the concentration in the 


plasma at zero time. 
From equation 9 it follows, by differentiation, that 


dz dg 


. (10) 
dt dt 


Substituting this value of (dz/dt) in equation 7, we get, after rearrang- 
ing terms, 


V dé _ Tes 


the solution of which is of the form 


where @ is again given by equation 6 and 3 by the equation 


6 Ab 


Tard 


It will be shown that the experimental data are in satisfactory agreement 


h equation 12, but before proceeding with the experiments the theoret- 


‘veloped further in order not to break the continuity of 


velopment Z is considered as the concentration of exogenous creatinine 
lume, just as € represents the concentration of exogenous creatinine 
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Substituting the expression for £ from equation 12 
ae 
but at zero time z = 0, therefore, a + 6 
ale 


By comparing equation 12 and 15, we see that whereas the plasma con 
tration — decreases steadily from the beginning to the end, the con 
tration in the tissues z increases at first, reaches a maximum and t1 
decreases, becoming asymptotically equal to that of the plasma. The ¢ 


centration in the tissues is consequently greatest some time before 


equilibrium between the plasma and the tissues may be said to have b 
established. 


That the time of maximum concentration is independent of the quantity 


of creatinine injected is shown by differentiating equation 15 with respect 
to time, equating the derivative to zero and solving for t. The result is 
log 8 — log a 


p log ¢ 


which depends only on the essential constants @ and 
independent of the quantity injected. 

Since A has been assumed constant during the whole experiment, it is 
obvious from equations 2 and 12 that the time change of the rate of excre- 
tion will be of the form 

17) 

This result has also been tested by experiment as will be shown in the 
sequence. From equation 17 it appears that, if creatinine is not destroyed 
in the body in appreciable quantity, the integral of » from zero to infinity 
should be equal to the quantity injected. If we designate this quantity 
by G, we should have 
n-dt = 60A 
J0 
if a and 8 are computed in (hours 

Any objection that could be raised against the use of an infinite time 
in a biological experiment is answered by the consideration that in a 
relatively short time—in our experiments, less than 48 hours—the inte- 
grand in equation 18 becomes unmeasurably small and the tail 
integral can be neglected. 

When the substance to be studied is quantitatively excreted by 
ney, equation 18 affords a convenient check on the computation 
constants, a cheek which does not exist for the plasma data 
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After A and the constants of equation 12 have been computed, the 
equivalent plasma volume P and the tissue volume T can be calculated 


from equations 6 and 13. The solutions are 


P 6 A (ap + ba) 
ag (a b 
(20 


6 Ab (8 = a) 
aB(a+b) 


It should be noted that the expressions for P and T are given not only in 
terms of A, aw and £, but also of aand 6. The last two constants depend 
on the quantity of substance injected, as can be seen in equation 18, while 
the first three do not. Since P and 7 cannot depend on this quantity, 
it is necessary that (b/a) be independent of the quantity of substance in- 
jected. This condition, which is also sufficient, has been verified for 
creatinine. Calling k the ratio (6/a) and introducing it in equations 19 


and 20, we obtain finally 


6 A(B + ka) 


P = 
aB (1 


6 Ak 
| ] 


where the two volumes are now expressed in terms independent of the 
quantity injected. 

The sum of P and T can be seen, with the help of ¢ quation 6, to be ¢ qual 
to V, as it should by definition. 


volumes 


In practice it will be found more convenient to calculate these 


rom the equivalent re lations 


ka 


The ratio of the two volumes, being independent of A, could be calculated 


rom observations on the plasma alone, but for the absolute value of the 
volumes it is necessary to make observations on the rate of excretion also. 


I;XPERIMENTAL PART. The experiments were carried out on three dogs. 


ill been on a standard diet (Purina Dog Chow) for periods 
ionths to a year prior to the experiments and were kept on this 
experiments. Food was withdrawn the night before and 
experiment, but during some of the experiments water (200 to 


1 k 
| 
. 6 
23) 
P 
diet het wer 


400 WHS 
to Increase 


The experim 


bladder of the d is catheterized 


l ected quick] the iguiar ve 
samples of blood are withdrawn from the 
catheter. In inning the 


als, 15 minutes or so; later, 


Intravenous 


8.72 per cen 


* 
Volume of urine colle: 


and in a few instan until 48 hours fron 
tween experiments a suffice number « 


xeret 
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he urine flow (see table 1 
el and the urine Ls ected 
es are taken at relatively shor 
liter: eee when the concentration in the plasma 
changes less rapidly, every hour Che experiments last from eight to 
hours, but in most instances the urine was collected at the end of 24 | rs, 
rABLI 
Daia experiment 8. Fe 1q 
EXPERIMENTA ETAILs 
injection of 76.4 of 9:09 | 
cent solution of tinin 9:09- 9:24 27 
Eastman hodak Ce listilled 9:24 2 | 2993 i 
water. from 8:52} to 8:54 I At Q 39 13 
9:56 a.m ind at 1:10 p.m. 400 « 9:54 (1:24 4 
of water were given bv stomach 10: 24-10: 54 S40 }4 
tubs At 8:54 a.m.. Feb. 13, 1935 10:54 1:54 122 O 5s 10 25 3 
205 « of urine containing 619 11:54 2:54 28 () TSS ) 2i.f 
mgm. of creatinine per 100 were 12:54 4 580 
obtained by catheter No urine 140 12:54 
was voided during the night 33.0 4 70 
4:54 20.5 17 3:35 7 67 
6 
Eee ted from the cag All the others b theter 
the time of the npeetior B 
i ~ W is ] 
rate Ol of endogenous creatinine and aiso on the entratio I 
endogenous creatinine in the plasma, in order to esti ite Ul nied i 
of each These mean values are treated : mstants 
1] + + + 
In all of these experimer the concentra ee 
urine Was determined aiter the samples had been 1 red | Wid 
pendent observe! Phe chemical methods emploved | hed 
previously (Dominguez and Pomerene, 1934 
An illustrative protocol is given in table 1] 
Phe mean rate of excretion, y,, and the 1 t! f ‘ 
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of endogenous creatinine are given in table 2, together with the number of 
observations and the standard error of the mean. The large standard 


error in the output of dog 3 is due to a single large value of 0.80 mgm. per 


minute. From subsequent experience with this dog, as well as from the 


TABLE 2 
Data on endogenous creatinine (mean values) 


EN N } STANDARD RATE OF NUMBER Of STANDARD 
ERKOR EXCRETI¢ OBSERVA ERROR 
MEAN IONS OF MEAN 


0 0408 506 Q 0228 
0 0210 0 0173 


0 0275 : 0 0597 


TABLI 


ravenous 


S328 


60.52 
74.00 
26 .32 
77 34 
20 09 


706 : 3 21.28 


bo bo to 


of excretion of exogenous creatinine, 
ration of exogenous creatinine in the 


alculated from the & and 7 


data in experiments 
1 alone in experiment 4, and from the » data alone in 


calculated in experiment 4 because in this experiment 
ere made on the rate of excretion n. See text for an approximate 
in this experiment 


r dogs of comparable size, this value is probably much too high. 


ection produces only a small change in the mean. 


dogs and the quantity of creatinine injected are shown 


ration of the injection varied between one half and one 


for the purpose of computation the ¢ xperiment 


the beginning o ie Injection. 


1 0S 1] 
? 1 10 4 
0.92 
2 
3 
nge nine noentration in the plasma, &, after injection 
NIM SINE { x 
i i 
| l 7-— 6-34 20.8 7.05 642 26.52 | 0.223 | 1.80 
2 2 23-35 20 .2 $ S49 0 451 26.77 0.205 76 
3 2 2-12-35 20.2 6.66 0.592 33.00 0.234 46 
A) 2 ? 02 12.05 1S9 
3 3- 1-35 IS 6 138 589 34.65 0 246 78 
f 3 3-26-35 IS 4 1 737 0 S26 8.57 | 0.355 2.47 
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1. 2.3. 5 and 6, from the d BO 
| + + { 
i e f ns I 1 
wav to estimate PO 
viable 3. The 
vas i to g 
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Computations. The first step in the computations was to detern 
ratio ( , by linear interpolation either at the middle 
urine collection or : i times of the blood samples, 
whether the ratios showed a systematic deviation from 
in the course of the experiment 

In the work we are reporting here the mean value of 
assumed constant during each experiment, although it varied 
ent dogs and in the different experiments (se¢ the values of 
The n-points of one experiment were then multiplied by the reciprocal of 
the corresponding A, and the two sets of polnts, & and A, were then 
handled as one set for the determination of the constants in equation 12 
This procedure Was adopted In five out of seven experiments alter the 
calculation of the constants from the € and » points, separately, showed 
that the two values of @ in a pair of correspondit 
for 8) were sufficiently close for the purpose of 
experiment t (table 3 only the plasma curve was caleulated, | 
dog de veloped Trequent micturition of a blood-stained urine 
account no observations were made on the rate of excretion 
Finally, in experiment 7 (table 3) only the 7 curve was caleulat 
the excretion data are much more smooth than the p! 
and beeause the € residuals from the curve 7, 0.706 are 
that no further calculation was deemed nec Ssary 

The function to be tested is the sum of two expon 
The exponent 6 has been found much larger than a, s 
tively short time the term (be~®) becomes practically 
this time on the changes proceed as a single exponential! 
j The general course followed was to plot the 
quantities studied (minus its mean endogenous v: 


axis of abscissac, and to caleulate a and @ approximately, 1 


points or by the method of averages, from the linear portion of the graph 


The value of ae was then computed at the corresponding times and the 
differences (& — ae~*') were calculated. These differences represent points 
on the simple expone ntial be~°', as ean be seen from equation l: 
process used to determine a and @ was now repeated forband sp. 
help of these constants, the residuals were calculated 
plotted. The calculations are the same whether we 
separately or jointly 

The curves cannot be synchronized to vield a mean curv: The com- 
puted values of the constants therefore will be considered only as rougi 
approximations useful nevertheless in helping to establish relations |b 
tween quantities As to the mean values of the quantities themselves, 
the results of the calculations may be expected to give an idea of their order 


of magnitude 
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The numerical results are presented in table 3. The arbitrary constants 
a and 6 correspond to the plasma curves (equation 12), even in the experi- 
ment in which only the » curve was calculated (expt. 7). In this case 
the constants a and 6 were computed from the relation & = (n/0.706) in 
order to facilitate comparison. It will be seen that a and 6 depend on the 
quantity of creatinine injected, whereas a and 8 do not. Likewise A is 
independent of the quantity injected 

Other results will be examined in more detail in the following paragraphs. 

Quantitative excretion of creatinine. The integration of the » curve 
(equation 18) between zero time and infinity assigns a theoretical upper 
limit to the total exeretion of the substance. From the data in table 4 one 
can see that the amount excreted is, on an average, 92.3 per cent of the 
amount injected. 


FABLE 4 
Total excretion of exogenous creatinine afler intravenous injection 


RATION OF AMOUNT EXCRETED IN TIME ¢ 


K N 
EXPERIMENT 


NUMBER 
Found Calculated 


1440 ) 654 6 681 6.704 
i44] 130 1 093 4.119 
1442 056 6 O60 6.078 
1441 5 994 5 943 5.957 
1441 553 1 600 ‘ 1 600 
1380 707 1 665 1 666 


See table 3 for quantity injected. 


The amount of creatinine removed with the blood samples accounts for 
a negligible portion of the loss. Thus, in the first experiment on dog 3, 
the total amount removed in 13 samples of about 10 ¢¢. each represents 
only 39.0 mgm. of exogenous creatinine, that is 0.6 per cent of the quantity 
injected. Since the difference is systematically by defect, it might be 
asked whether we have introduced systematic errors in the fitting. The 
integrals calculated to the end of the total time of collection of urine 
between 1380 and 1442 minutes, see table 4) show that the mean per cent 
difference is —0.15, which is not significantly different from zero. The 
average difference is +1.8 per cent. 

Since the urine is collected by eatheter, and a small amount of urine 
adheres to its wall, we have made a few determinations on the washings of 
the catheter, with the results shown in table 5. The loss of creatinine in 


the catheter averages 1.3 per cent of the amount excreted, it being some- 


higher with a low diuresis than with large urine flow, as was to be 


gram i Jra yuant njected® 

| 95 1 

2 84.9 

3 91.3 

97.1 

92.1 

7 93 6 

* 

expected 
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In other words, the theoretical amount excreted (calculated from the 
curves) is, on an average, 94.2 per cent of the quantity injected, if we sub- 
tract from the latter the small amount removed with the blood samples 
and that remaining in the catheter. At this point it is well to call attention 
to the fact that the calculated excretion up to the end of 24 hours involves 
considerable extrapolation, because the constants have been computed only 
from the data corresponding to the first eight hours following injection. 

Since creatinine may be lost in the urine on standing, especially in alka- 


line urines, and since the substance may be excreted in minute amounts by 


other channels, it would seem at the present time unnecessary to discuss 


the question of the transformation of creatinine in the body. For practical 
purposes, therefore, we shall set the constant of utilization of creatinine 
equal to zero, and consequently, the volume of distribution V is actually 
given by equation 23. 


TABLE 5 


Quantities of creatinine obtained from washings of the catheter 


REATININE EXCRETION REATININE 

INJECTEL INTERVAL IN WASHIN 

INTERVAL INTERVAL 


grams min min mgm 
120* 1022.10 
120* 3884 50 
121* 1067 39 
300 1605 36 

* First six catheterizations. 

+ From the 6th to the 10th catheterization inclusive 


The total amount excreted in these experiments with intravenous injec- 
tion is somewhat larger than the amount usually excreted after ingestion 
(see review by Hunter, 1922). The difference is probably to be accounted 
for either by incomplete absorption or by partial destruction in the bowel. 

Essential constants a, 8, and k. The constant @ represents, in these 
experiments, the velocity constant of the elimination of creatinine by the 
activity of the kidney, after the equilibrium between the plasma and the 
tissues has practically been attained. 

The constant 8, on the other hand, represents the velocity constant of 
the equilibration between plasma and tissues. Equilibrium cannot theo- 
retically be established, because no sooner is it reached than it is destroyed 
by the continued action of the kidney. However, in practice, equilibrium 
is effected when the difference between the concentration of the plasma and 
that of the tissues becomes as small as the measure of precision of the 
observations. 

The ratio k = (b/a) has, empirically, the values presented in table 6. 
Their mean is 2.362, with standard error of the mean 0.0958. This 
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result has been obtained from seven experiments in three dogs of compar- 
able size, with a fourfold variation in the quantity of creatinine injected 
and an almost twofold variation in renal activity (see values of A in table 3 

The tissue concentration. The concentration in the tissue volume T' is 
given by equation 15. In figure 1 the curve representing the changes 
(calculated) in the tissue concentration is illustrated together with the 
curves of plasma concentration and rate of excretion. 

It was shown in the theoretical part that the maximum concentration 
takes place before the concentrations in the two volumes become practically 
equal, and that the time of the maximum is independent of the quantity 
injected. Substituting the values of a and 3 from table 3 in equation 16, 


TABLE 6 


io 


79 0 5 49 


me of distribution of creatinine 
equivalent plasma volume 
tissue volume 
rhe weights of these volumes are expressed in kilograms of wate: 
per cent of the body weight. In experiment 4 the values of P and T 
not be calculated because no observations were made on the exeretior 
reatinine 
see table 3 
time of maximum concentration in the tissue volume T 


, equation 16 


we obtain for the time f,,, the values shown in table 6, with mean 1.04 
hours, and standard error of the mean = 0.0495. 

It will be understood that the theory does not postulate a uniform con- 
centration of creatinine in the tissue volume. Should the concentration 
be found different in various parts of the body, by suitable experiments, 
the results given here apply nevertheless to the mean concentration. 

Volume of distribution, V, and its two components, P and T. In the 
following the volumes will be assumed to be volumes of water, and will be 
expressed indifferently in liters or in kilograms. 

With the help of the constants of table 3 and equation 6, we obtain for V 
the values presented in table 6. The mean volume V, in per cent of the 


body weight, is 75.92, with standard error of the mean = 2.41. 


. } ime listribution of creatinine and other quantities derived from table $ 
MEN 1 
Ni MHE 
17.27 83.0 6 00 28.8 27 54.2 2.92 1.32 
2 13 20 65.3 73 20.4 47 11.9 2.20 1.02 
3 15 18 67 28. | 9.5] 17 1 2.24 1 O06 
{ 
14 365 41.2 5 33 28 9 O04 IS 6 2.203 
t 13 96 = 5.58 30.3 8 38 5.5 2 34 92 
7 14 07 300.8 8 58 18 2 1 02 
| 
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Phe calculated volumes P and T, from equations 
given in table 6. The mean per cent value of P i: 
error 1.07, and that of T 47.6, with standard error 
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Fig. 1. Time change of the concentration of creatinine in the plasma and of the 
rate of excretion in the urine, following the intravenous injection of 6.66 grams of 
creatinine at the time ¢ = 0 in dog 2, experiment 3, February 12, 1935. The open 
circles represent the plasma concentration and the solid circles the average output 
of creatinine experimentally found (see table 1). The interrupted curve corresponds 
to the calculated concentration in the tissue volume. This curve has been drawn 
on an axis 1.10 mgm. per 100 cc. above the z-axis, in order that equation 9 of the text 
be satisfied. The relation between the z of the text (concentration of exogenous 
creatinine in the tissue volume) and the Z of the figure is Z = z+ 1.10 


The value of V for experiment 4 cannot be calculated because, 
reasons already mentioned, no observations were made on 


creatinine excretion. If we assume a total excretion equal 
per cent excretion of the other experiments (92.3 per cent of the quantity 
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injected), we can estimate A by the equation 


t= A = 60 x A( 12:0 26:32) _ 6 993 x 2.02 x 103 
n-dt = &-dt = 60 X # 0.189 9 99 = 0.923 K 2.02 * mgm. 


from which we get A = 0.428, V = 67.26, P = 24.04 and T = 43.22, the 
volumes being in per cent of the body weight as before. The values so 
obtained are very close to the corresponding values in another experiment 
on the same dog (expt. 2). 

The volume P is, therefore, much larger than the plasma volume. For 
this reason and also because it behaves like a volume of plasma in the 
theory outlined before, we have called it equivalent plasma volume. Just 


what this volume represents anatomically is a matter of conjecture. 
Judging from the extreme rapidity with which it enters into equilibrium 


with the true plasma, as compared with the tissue volume, it would not be 
unreasonable to suppose that it is made up of the perivascular fluids and 
lymph together with the plasma itself. In the neighborhood of the vessels, 
the looseness of the connective tissue, the thinness of the capillary walls, 
the movements of the vessels, and the formation and propagation of the 
lymph, will be expected to aid very materially the dissemination of the 
creatinine molecules. In regions farther removed from the vessels, in the 
parenchyma of the organs as distinct from the stroma, where the movement 
of fluids and their solutes is more sluggish, and where the cell boundaries 
and other barriers may actually impede the motion of the molecules, the 
diffusion of creatinine probably proceeds more slowly. Whether this 
anatomical picture corresponds to or underlies the kinetical scheme of 
elimination developed in this paper, we do not know. 

That the volume of distribution of creatinine is greater than the volume 
of water in the body is certain. In the dog, the quantity of water is about 
69.3 per cent of the body weight (Moulton, 1923, data of Pfeiffer) when 
reckoned on @ fat free basis, and since our dogs are not emaciated, a figure 
of 76 per cent is certainly too high. This would indicate that creatinine 
penetrates into the non-aqueous portion of the cells, or else it is adsorbed or 
combined there. The last two possibilities must constitute at the best a 
loose sort of bond, because creatinine is given off readily up to 93 per cent 
of the quantity injected. 

While the equivalent plasma volume is approximately a volume of 
water, the tissue volume may not be, if the substance under investigation 
penetrates into the cells. In other words, different substances penetrating 
with different facility into the tissues, may nevertheless have identical 
distributions in the equivalent plasma volume. Thus, the volume of 
“available water’ for the solution of sodium thiocyanate is, from the 
figures of Crandall and Anderson (1934), of the same order of magnitude as 
the equivalent plasma volume of creatinine, from which we would infer 
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that thiocyanate does not penetrate into the tissue volume 
corroborative evidence of this is found in the observation of Folin and 
Denis (1912), that creatinine goes readily into the muscles (and may even 
accumulate there, when excretion by the kidneys is prevented), and in the 
work of Corper (1915), according to which thiocyanate is not found in 
muscle after intravenous injection, 

The equivalent plasma volume may therefore have a real physiological 
significance. 


SUMMARY AND CONCLUSIONS 


When creatinine is introduced rapidly into the blood stream it is dis- 
persed very quickly in a large portion of the volume of fluids which it 
will be eventually distributed. This portion has been cal quivalent 
plasma volume, because it behaves kinetically like plasma The other 
portion has been called (éssue volume. In the early part of the experiment 
the concentration of creatinine in the plasma diminishes rapidly, partly by 
the excretory action of the kidneys, partly by the reversible diffusion into 
the tissue volume. After the (dynamic) equilibrium between plasma and 
tissues is practically reached, the concentration in the plasma diminishes 
solely by the action of the kidneys. 

The theory is given a mathematical form with the help of 1, the empirical 
fact of the proportionality between the rate of excretion and the concen- 
tration in the plasma, and 2, the assumption that the concentration differ 
ence between plasma and tissue volume diminishes at a rate proportional 
to the instantaneous concentration difference. 

An expresslon Is derived for the relation between the plasma concentra- 
tion of creatinine and the time following intravenous injection of the 


substance, from which one can determine not onl 


vy the curve of the rate of 
excretion by the kidneys, but also that of the concentration of creatinine 
in the tissue volume. Observations made in the dog both on the plasn 4 
concentration and on the output of creatinine are in satisfactory agreement 
with the theory. 

Expressions are also given for the equivals it plasma volume and the 
tissue volume in terms of the essential constants of the equations for the 
plasma concentration and the rate of excretion. The equivalent plasma 
volume, considered as water, is in our experiments 28 per cent of the bod) 
weight. It is probably made up of the plasma, the lymph and part of the 
perivascular fluids. The volume of distribution of creatinine (equal to the 


sum of the other two volumes) is equivale nt to 76 per cent ol the body 


weight, and may be larger than the quantity of water in the body 

The amount of creatinine excreted, calculated from the equation of the 
rate of excretion, is, on an average, 94 per cent of the quantity injected 
It is assumed that this systematic difference is the result of undetected 
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constant errors, rather than the consequence of a transformation of crea- 


tinine in the body. 
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